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FOREWORD 


This document is Volume 111 of a three volume report describing the 
Reacting and Multi-Phase (RAHP2) computer code developed by the Computa- 
tioual Mechanics Section of Lockheed's Huntsville Research & Engineering 
Center, Huntsville, Alabama. Volume II provides a detailed description of 
all the elements used in the RANP2 code. Volume I deals with the theory and 
numerical solution for the computer code, and Volume III is the program 
users and applications manual. 

Documentation of the computer code was preparea iu purM’al fulfillment 
of Contract NAS9-16256 with the NASA-Lyndon B. Johnson Space Center, 

Houston, Texas. The contracting officer's technical representative for this 
study was Hr. Barney B. Roberts (ET41). 

The author acknowledges tne efforts of Dr- Terry F. Greenwood of 
NASA-Marshall Space Flight Center and Mr. S.J. Robertson of Lockheed- 
Huntsville, both of wnom contributed to the development of the RAHP2 code. 

Companion documents to this report include a theory and numerical solu- 
tion document for RAMF2 computer code; a computer program maintenance manual 
for RAMP2; a report which describes the modifications made to the NASA-Lewis 
TRAN72 computer code; the original documentation of tne NASA-Lewis TRAN 72 
computer code; and the original documentation of the Boundary Layer Integral 
Matrix (BLIMPJ) computer code. These documents are, respectively: 


• "High Altitude Chemically Reacting Gas-Particle Mixtures - Volume I 
- A Theoretical Analysis and Development of the Numerical Solution," 
LMSC-HREC TR D8b7400-I. 
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• "High Altitude Chemically Reacting Gas-Particle Mixtures - Volume 1 I 
- Program Manual for RAMP2," LMSC-HREC TR D867400-I1. 

• "User's Guide for TRAN72 Computer Code Modified for Use «rlth RAMP 
and VOFMOC Flowfleld Codes," LMSC-HREC TM 1X190409. 

• Svehla, R.A. , and B.J. McBride, "FORTRAN IV Comouter Program for 
Calculation of Thermodynamics and Transport Properties of Complex 
Chemical Systems," NASA TN D-7056, January 1976. 

• Evans, R.M., "Boundary Layer Integral Matrix Procedure BLIMP-J 
User's Manual," Aerotherm UM-75-64, July 1975. 
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1. INTRODUCTION AND SUMMARY 

This document. Volume III, provides the details of how to Input, use 
and apply the RAMP2 c<naputer codes to accurately describe high altitude 
rocket exhaust plumes. The goal In developing RAMP2 was to produce computer 
code which would provide an engineering tool for calculating high altitude 
(orbital) rocket exhaust plumes. Additionally, the computer model Includes 
the ability to analyze the major controlling phenomena (boundary layer, 
chemistry, two-phase flow, and free molecular flow) which Influence the 
structure of the plume. 

The contents of this volume along with the other two volumes (Refs. 1 
and 2) are designed to enable the user to easily, efficiently, and accu- 
rately apply the RAMP2 codes to calculate rocket exhaust nozzle and plume 
flow fields to solve practical engineering design problems. 

RAMP2 consists of three basic c<xaputatlonal modules: the TRAN72 pro- 

gram for generating equilibrium thermodynamic and transport data, the RAMP2F 
code for solving the flow field and the BLIMPJ code used to calculate the 
nozzle boundary layer. Because of computer storage limitations the three 
programs must be executed separately; however, communication between the 
programs has been provided via temporary files so that except for separate 
executions they can be considered as one program. 

Detailed descriptions of the TRAN72 (Ref. 3) and BLIMPJ (Ref. 4) have 
not been Included, although Volume II contains a brief description of the 
subroutines of each of the codes. Section 4 of this volume contains inform- 
ation on how to use and Input the TRAN72 code, and Section 5 contains a 
brief discussion of the BLIMPJ code. Complete descriptions of the two codes 
are available In Refs. 3 and 4. 
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Section 2 of this volume provides a discussion of the overall operation 
and Interaction of the codes which make up the RAMP2 code along with run 
stream setups for both the Uni vac and CDC 7600 machines. Section 3 gives 
the capabilities of the programs and a discussion of the practical applica- 
tion of the program. Sections 4 and 5 discuss the use of the TRAN72 and 
BLIMPJ codes. A detailed Input/output guide to the RAHP2F program is given 
in Section 6. Section 7 deals with program utilization including subsec- 
tions on how to set up a case, a description of error messages and some 
problems that can be encountered and how to correct them. Section 8 details 
several sample cases including step-by-step description on how each case was 
input. Appendix A contains a reprint of a paper published in the 1983 
Thermophysics Volume of the AIAA Progress Series. This paper summarizes the 
RAMP2F code and presents results of several applications of the program. 

This report provides a compilation of the author's experience with the 
programs both during and following completion of the programs. It is hoped 
that the three volumes provide a clear description on how to use the pro- 
grams. It is anticipated that through feedback from other users of the 
programs that the codes themselves ?s well as the documentation can be 
further Improved for clarity. 


1-2 


LOCKHEED-HUNTSVTTl ' r ' if -’t ■■ f 'l " r-p'-r- i 



LMSC-HREC TR D867AOO-III 


2, GENERAL STRUCTURE AND OPERATION OF RAMP2 

The three programs which make up the RAMP2 code (TRAN72, RAMP2F, and 
BLIMPJ) have been modified so as to interact as if they were a single code 
even though they are executed separately due to computer storage restric- 
tions. This section describes the overall operation of the RAMP2 code, the 
interaction required by the three programs and finally gives run stream 
setups for using the programs on either the Unlvac 1100 or CDC 7600 systems. 
The overall commication of the three programs along with communications with 
other auxiliary programs is shown in Fig. 2-1. 

2.1 OVERALL OPERATION OF RAMP2F CODE 


The purpose of the RAMP2 code is to solve a rocket exhaust flow field 
in sufficient detail so that the plume may be used to adequately specify 
some design environment for systems which are influenced by the plume. For 
high altitude plumes an adequate definition of the plume requires the in- 
clusion of chemistry and nozzle boundary layer effects. The TRAN72 program 
and BLIMPJ codes are included in the RAMP2 code along with the RAMP2F flow- 
field code to treat chemistry and boundary layer effects. 

In general, in order to solve a high altitude plume the following steps 
are required. First, the TRAN72 program input data is prepared and executed 
to generate a data tape describing the thermodynamic characteristics of the 
i-ost-combustlon gases. Next the RAMP2F flowfield data arc prepared and the 
nozzle flow field is solved using the TRAN72 program data tape as input. 

Then in order to adequately describe the nozzle boundary layer, the BLIMPJ 
code is executed using an input data file and flowfield tape generated by 
the RAMP2F nozzle solution. Finally the exhaust plume is generated by using 
the nozzle solution and boundary layer solution to generate an exit plane 
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Fig. 2-1 Sequencing and Communication of the RAMP2 Programs 
with Auxiliary Codes 
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start line that Is used to initiate the plume solution. Thus the generation 
of a high altitude plume can require up to four different executions of 
programs (TRAN72, RAMP2F, BLIMPJ, and RAMP2F) for the specification of the 
roost detailed and accurate results. Physical input data are required only 
for the TRAN72 and first RAMP2F execution. All data required for the BLIMPJ 
code and second RAMP2F execution are generated internal to the program 
and/or communicated via data tapes or temporary files. Depending on the 
application, the problem or the level of sophistication required in the 
plume results it may not be necessary to run the TRAN72 or BLIMPJ codes. It 
is possible that a single RAMP2F calculation may be adequate. 

As mentioned previously, the TRAN72 program generates thermodynamic 
data for the equilibrium/frozen post-combustion gases which are used in the 
flowfield calculations performed by RAMF2F. However, equlllbrium/f rozen 
thermodynamic data can be input via cards if the data were generated using 
some other method in which case it is not necessary to execute the TRAN72 
program. It is also possible that the propellant for the motor might be an 
ideal gas (e.g., nitrogen jet) in which case the gas thermodynamic data can 
be input on a single card directly into the RAMP2F code. Finally, the user 
may decide that a finite rate or frozen chemistry solution is required in 
which Cc.se the reaction package and individual species thermodynamics are 
input directly into the RAMP2F code. 

If the user has an application in which nozzle boundary layer effects 
are not Important then it is not necessary to execute the BLIMPJ code. 

If the user is not interested in boundary layer effects, then a single 
RAMF2F flowfield calculation starting at the throat or at the exit plane can 
be made to generate the exhaust flow field. 
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Thus numerous combinations of program executions are possible depending 
on what the user requires as results. Additionally, the TRAN72 program may 
be executed alone if the results are required for some use other than for 
RAMP2F. It is possible to execute the BLIMPJ as a stand-alone program but 
some minor program modifications are required to change the input file 
numbers and omit reference to flowfleld data files that come from the RAMP2F 
nozzlj solution. 

2.2 INTERACTION OF THE CODES 


The relationship of the three programs (TRAN72, RAMP2F, BLIMPJ) has 
been discussed in previous sections. The three programs communicate with 
each other via files (magnetic tape, FASTRAN, disk, mass storage, etc.). 

The files that the programs use are FORTRAN units 1,2, 3, 4, 5 (card input), 6 
(printed output), 7 (punched output) 8, 9, 10, 11, 12. and 13. 

The TRAN72 program uses thermodynamic curve fit data and transport data 
as input from either cards or from FORTRAN Unit 4. The thermodynamic data 
of unit 4 which Is included as a data set for the RAMP2 program Is also used 
by the RAMP2F program for setting up the data file for a BLIMPJ nozzle 
boundary layer solution. The equilibrium/frozen gas thermochemistry results 
which are generated by the TRAN72 program are output on unit 10. These data 
are then used as input by the RAMP2F program for performing the nozzle and 
plume solutions. 

The RAMP2F program generates numerous output files for its own use as 
well as by the BLIMPJ program. If the user has selected the option to 
generate a nozzle boundary layer, the Input data file for the BLIMPJ code is 
generated by the RAMP2F nozzle solution and stored on unit 1. The RAMP2F 
code also stores data on FORTARN unit 2 for use by the BLIMPJ code. The 
data on FORTRAN Unit 2 Is the coordinates the nozzle and flow properties of 
the nozzle wail points which are used as solution stations by the BLIMPJ 
code. The BLIMPJ code also output data on the same FORTRAN unit 2 for 
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subsequent use by RAMP2F when a viscous plume Is to be run after the nozzle 
boundary layer Is generated. The flowfield results of the RAMP2F nozzle and 
plume solution are stored In Unit 3, 

The flowfield data stored on FORTRAN Unit 3 Is the final results of the 
RAMP2F nozzle and/or plume solution. These data can be used by other auxil- 
iary programs for application of the plume data. The BLIMPJ program uses 
the nozzle flowfield data to match the boundary layer and inviscld flow 
properties at the boundary layer edge. If a complete nozzle, boundary 
layer, and plume solution are performed both the nozzle and plume results 
are put on Unit 3. If a single RAMP2F calculation is made with no sub- 
sequent exit plane restart (ITRCE = 0, card 3) then only the results for the 
single execution will be on the unit. 

FORTRAN Unit 8 is the file on which the RAMP2F code stores a start line 
which is generated by the variable 0/F or two-phase transonic module. If 
this file is used during the nozzle solution then it is also required for 
the subsequent viscous exit plume restart (ITRCE >0, ''ard 1). 

Units 9 and 11 are scratch files. Unit 10 contains the thermochemical 

properties of the equilibrium/frozen TRAN72 results. This file is required 

for the nozzle RAMP2F solution as well as for a subsequent viscous exit 

/ 

plane restart. This file is required only if IC0N(1)=2, card 5. 

An option of the RAMP2F code is the ability to generate an exit plane 
startline for the Standard Plume Flowfield (SPF) code (Ref. 5). Unit 12 
contains exit plane data calculated during the RAMP2F nozzle run for gene- 
rating an SPF start line (ISKPY>0). If a viscous plume restart is to be 
performed unit 12 also contains the exit plane normal start line. Finally, 
if a viscous exit plane restart is to be performed unit 12 also contains the 
inviscld exit plane SPF startline. The data on unit 12 is used by the 
second RAMP2F plume restart to generate the exit plane startline for both 
the PAMP2F plume calculation as well as a viscous SPF start line. If a 
stand alone RAMP2F calculation is being made the unit 12 is onl;- used if 
ISKPY= 0, card 5. 
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Unit 13 Is used only to store the RAMP?F card input data. The purpose 
of this file Is to store all the RAMP2F input data so that it will not have 
to be read in again if a subsequent viscous exit plane restart is selected. 
An exit plane restart using a viscous start line (1TRCE>0), card 1) will 
require the input data on unit 13 that was saved for the RAMP2F nczzle 
solution. 

In summary, a viscous exit plane restart of a RAHP2F nozzle solution 
Is to be performed then the data on FORTRAN units 2, 3, A, 8, 10, 12, and 13 
must be saved from the nozzle solution. A BLIMPJ calculation of the nozzle 
boundary layer requires the data on units 1, 2, and 3 from the RAMP2F nozzle 
solution. The communication of data between the three programs is sum- 
marized in Fig. 2-2. 

2.3 PUN STREAM SETUP 

This section illustrates run stream setups for the Univac 1108 EXEC 8 
(Section 2.3.1) and CDC 7600 (Section 2.3.2) computers. Both runstreams 
assume that all three programs are executed to generate a exhaust plume 
which considers nozzle boundary layer effects. The RAMP2F programs can be 
executed individually depending on the user specified input data. 

2.3.1 Univac 1108 EXEC 8 Runstream 

Figure 2-3 presents the run stream setup for the Univac 1108. This run 
stream uses the programs and data which are retrieved from magnetic tape. 
These references to tape could be replaced with appropriate permanent files. 
This run stream also assumes that the executable instructions for the pro- 
gram have already been collected and stored on the tape as; A-TRAN72 pro- 
gram, TW0P-RAMP2F program, BLIMP-BLIMPJ program. The overlays for the 
RAMP2F and BLIMPJ programs can be found in Appendix A of Volume II of this 
report. 
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Fig. 2-2 Conununication of Data Between the RAMP2 Programs 
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2.3.2 CDC 7600 Runstreaa 

Figure 2-A presents the runstreaa setup for the CDC 7600 systea. Tlie 
run streaa uses penutnent files for the programs and data files but tapes 
c'*«ild be used instead. The segment loader cards for the RANP2F and BLINPJ 
codes can be found in Appendix A of Volume 11 cf this report. 
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3. CAPABILITIES AHD APPLICATIONS 

The RAHP2 prograa has a broad range of capabilities for treating the 
various phenomena which effect the characteristics of nozzle and exhaust 
plume flow fields. The ability of the RAMP2F code co treat single and two- 
phase flows has led to the application of the program to solve a wide range 
of problems. This section presents a list of capabilities of the program 
and summarizes s<mk of the previous applications of the program. 

3.1 CAPABILITIES 


The RAMP computer program descril^d in this document can be used to 
solve a wide variety of problems associated with real gas, supersonic, 
compressible flow. Some of the more important basic capabilities of the 
existing program are outlined below: 


• The gas may be ideal or real. If the gas is real, frozen, 
equilibrium, or non-equilibrium, chemistry assumptions can be 
made. The effects of oxidizer/ fuel gradients may be con- 
sidered. 

• Two-dimensional or axisyimnetric flow problem geometries can 
be used. 

a Both upper and lower boundaries can be solid or free. (A 
solid boundary can be approximated by either a conic or poly- 
nomial equation.) (Two-phase problems require the nozzle 
centerline as a lower boundary.) 

• A nozzle wall may be curve fit with discrete points. 

• Any number of expansion corners can be considered on either 
the upper or lower walls. 

• Various methods for obtaining an initial start line are 
utilized. 
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1. The progran will calculate a one-dimensional startline anywhere 
In the nozzle. 

2. Data on a normal surface can be input at points across the flow 
field within the nozzle or in the plume. 

3. An exit plane startline can be punched. 

4. The program can be restarted from the startline punched in 3 
above. 

5. Single phase startline can be calcualted using a transonic 
solution which can handle ideal gas or equilibrium chemistry 
for both constant and variable oxidizer/fuel ratios. 

6. Two-phase start line can be set up using a transonic solution. 

• Hypersonic or quiescent approach flow options may be used. 

a Exit to ambient pressure ratios from overexpanded to highly under- 
expanded are possible. 

a Displacement of the axis of symmetry from the center of flow (i.e., 
the plug nozzle flow field) is possible for gas only cases. 

a There is presently a maximum of 100 points on a normal and 100 input 
points. 

a Reacting gas solutions which are in chemical equilibrium have been 
facilitated by modifying the TRAN72 (Refs. 3 and 6) computer program 
as described in Section 4 to provide binary tape and punched output 
of its equilibrium or frozen real gas calculations at any desired 
0/F ratio(s) or total enthalpy(s). The RAMP program has the capa- 
bility of selecting the proper case from a large set of real gas 
properties cases stored on a master tape. Cases stored are uniquely 
identified by some characteristic of the particular gas under con- 
sideration. For example, a LOX/LH 2 system may be identified by 
the following: 

Gas Type Mixture Ratio Chamber Pressure 

02/H2 0/F = 1.5 - 8.0 PC = 546.0 

New cases of general interest may be added to the master tape; 
however, ad hoc cases should be prepared on a separate tape. 

• Once the gas-particle flowfield solution h^s been obtained, the 
output tape may be used by the RAMP Radial Lookup Program (described 
in Appendix A of Ref. 7) which determines the radial variations of 
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floufield properties across the nozzle and plume flow fields at 
constant axial stations. The Plume Impingement Program (PLINP) 

(Ref. 8) may also be run to determine the effects of the rocket 
exhaust plume on objects inraersed in the plume. 

• Two-dimensional or axlsynetric solutions are selected by simply 
loading a control word in the program input data. This integer (0 
or 1) is then multiplied by the term containing (1/r) in the 
governing differential equation. By appropriate description of the 
flow boundaries, 5t is possible to change from a solid to free 
boundary on either the upper or lower walls. Conversely, it is not 
possible to change from a free to a solid boundary on either wall. 

• A real gas nozzle boundary layer solution can be performed with no 
interface between the user and the RAMP code results. Frozen equi- 
librium chemistry with turbulent or laminar solution is possible. 

• The effect of a nozzle wall boundary layer on particles which enter 
the boundary layer is treated. 

• An exit plane startline can be generated for the SPF code which 
includes two phase flow and boundary layer effects. Additionally 
exit plane data are available for use in other codes. 

• Multiple passes through the inviscid nozzle solution with the nozzle 
contour modified by the BLIHPJ solution displacement thickness is 
not possible. 

• High altitude rarefied plumes may be treated with either continuum 
or sudden freeze free molecular flow assumptions. 

• Nozzle shocks can be treated using a shock capturing methodology or 
can be treated isentroplcally using the streamline normal solution. 

• Automatic exit plane restarts including boundary layer effects are 
possible following a nozzle and nozzle boundary layer solution. 

a When the continuum treatment of rarefied plumes is used, the plume 
may be solved only to the point where the gas velocity reaches 99.9 
percent of its limiting velocity. Near the gas limiting velocity 
numerical problems can lead to a termination of the solution. 


3.2 APPLICATIONS 


This section contains a list of problems for which the RAMP2F or RAMP 
codes have been applied. Where possible, references have been Included 
which contain details of the analysis. 


3-3 


LOCKHEED-HUNTSVILLE RESEARCH & ENGINEERING CENTER 



LMSC-HREC TR D867400-III 


• Analyzed Space Shuttle RCS motor combustion chamber, nozzle and 
exhaust plume. Utilized equilibrium/ frozen chemistry, variable 0/F 
transonic solutin and boundary layer effects (Ref. 9). 

0 Space Shuttle Solid Rocket Motor 

- Equilibrium/frozen nozzle/plumes at various altitudes and 
operation conditions for base heating application (Ref. 10). 

- Sea level plume for Space Shuttle mobile launcher design 
environment (Ref. 11). 

- High altitude plume calculation Including finite rate 
chemistry for application to range safety plume radar 
cross-section determination (Ref. 12). 

0 Space Shuttle separation motor nozzle/plume solutions for determina- 
tion of stage separation impingement environments on Orbiter/ET 
combination (Ref. 13). 

• Applied RAMP code to several small solid rocket motor nozzle and 
plume predictions to determine how best to apply RAMP code for 
making nozzle and plume calculations. Compared RAMP results with 
experimental nozzle and plume data (Ref. 14). 

• Performed high attitude plume calculations for interim upper stage 
motor plumes. Particulate flow fields were to be used for 
determination of possible orbiter heat shield damage during various 
satellite deployment senarios (Ref. 15). 

• Performed detailed combustion chamber and nozzle calculations and 
made comparisons with exit plane radiation measurements to determine 
the best analytic models for performing combustion chamber/nozzle 
calculations (Ref. 16). 

0 Used RAMP as a part of a code to compute the IR irradiance on a 
vehicle-born sensor arising from a plume emitted by a thruster on 
the vehicle in an exoatmospheric environment (Ref. 17). 
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4. USER INPUT/OUTPUT GUIDE FOR THE MODIFIED 
TRAN72 COMPUTER CODE 

One option for the specification of the thermodynamic properties of the 

exhaust gases for the RAMP2F code is the utilization of the thermodynamic 
and transport data of rocket combustion gases which is generated by a modi- 
fied version (Ref. 18) version of the NASA-Lewis TRAN72 (Ref. 3) computer 
program. 

The TRAN72 computer program developed by NASA-Lewis (Ref. 3) was 
synthesized by combining a program for the transport properties calculation 
with the CEC 71 program (Ref. 6) for the thermodynamic properties calcula- 
tion. The TRAN72 program was subsequently modified to meet the requirements 
of Lockheed's Reacting and Multi-Phase (RAMP) Computer Program. The 
requirements satisfied were: (1) calcuatlon of the theoretical rocket per- 

formance (for both equilibrium and frozen compositions) during a "gaseous- 
only" expansion, after a two-phase combustion chamber calculation, and 
(2) automated communication of these properties to the RAMP program. 

The section describes the modifications which were made to the TRAN72 
code, the input required to run the program, special considerations for 
using the code in conjunction with RAMP2F, and sample cases. 

4.1 MODIFICATION OF THE TRAN72 PROGRAM FOR USE WITH THE RAMP2F PROGRAM 


Modifications were made to the TRAN72 chemical equilibrium calcula- 
t tonal scheme in order to generate thermochemical data consistent with the 
assumptions utilized in the RAMP program formulation. The assumptions being 
addressed in the RAMP program are: 

• The total mass of the mixture is constant. 

• The total energy of the mixture is constant. 
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• The gas obeys the perfect gas law and is either chemically frozen, 
in chemical non-equilibrium or in chemical equilibrium. 

• There is no mass exchange between the phases. 

• The particles are inert. 

Tn the modified TRAN72 calculatlonal scheme, the chamber calculations 
are performed initially with the condensed species considered. The total 
mass and total enthalpy of the mixture are then adjusted by removing the 
mass and enthalpy associated with the condensed species predicted to exist 
in the chamber after combustion. The total mass adjustment is made by 
removing the appropriate amount of mass of each of elements which comprise 
the condensed species that exist in the chamber. The total enthalpy is 
adjuted by removing the enthalpy associated with the condensed species that 
exist in the chamber. Next, the adjusted elemental mass balance relation- 
ships and the adjusted total enthalpy are referenced to the adjusted total 
mass of the mixture. All condensed species are then removed from the list 
of possible products being considered by the program. The chamber calcula- 
tions and subsequent equilibrium chemistry expansion are then made with a 
gaseous-only composition. When the thermodynamic calculations are com- 
pleted, the transport properties are calculted in the manner described in 
Ref. 3. The resultant equilibrium chemistry expansion and corresponding 
transport properties data are the case in which there is no heat transfer 
between the condensed and gaseous species during the equilibrium chemistry 
expansion process. To account for the effects of the heat transfer that 
does take place between the condensed and gaseous species as well as between 
the gas and the nozzle wall for cases involving a nozzle boundary layer, 
additional thermo chemical data are required. To generate the required data, 
the total enthalpy of the gaseous-only mixture is perturbed (mass is held 
constant) and the thermochemical data calculatlonal scheme is repeated. The 
total enthalpy is repeatedly perturbed, the result being an array of equi- 
librium expansion processes and corresponding transport properties, each 
with a different degree of heat transfer between the two phases. 
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Experience in thermodynamical modeling of rocket exhaust flows indi- 
cates that many chemical systems experience a transition from equilibrium to 
frozen chemistry during the expansion process. The standard TRAN72 program 
has an option to treat this problem. Under the pressure freeze option the 
chamber and initial expansion calculations are made assuming equilibrium 
chemistry. At a predetermined pressure ratio (chamber to local static), the 
chemistry of the system is frozen and the remainder of the expansion is 
completed with frozen chemistry. With this option, the transport properies 
are calculated as outlined in Ref. 3. 

The thermochemical and transport data are communicated to the RAMP 
computer program automatically through the use of a magnetic tape (or rapid 
access storage, i.e., disk, FASTRAN, etc.). Creation of the data tape (or 
file) is accomplished by means of an additional subroutine (MOCDAT) added to 
the TRAN72 program. Logic is provided in this routine for creation of a new 
data tape (or file) and adding data to an existing Master data list. Each 
data case must be identified with a unique case name which is subsequently 
used by the RAMP (see card 9 of RAMP input guide) program to determine if 
thermodynamic data are available. An additional namelist has been added to 
the run stream to control use of the options available in the MOCDAT 
subroutine. 

4.2 INPUT OF THE TRAN72 PROGRAM 

The version of the TRAN72 program which is part of the RAMP2 set of 
computer programs contains all the options of the original program (Ref. 3), 
so that the user has the ability to generate thermodynamic data for purposes 
other than the RAiP2F code execution. This subsection describes the basic 
TRAN72 input data as well as the input control variables which were added to 
enable the modifications which were described in Section 4.1. 
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4,2.1 TRAN72/RAMP2F Input Variables 

The modified TRAN72 program is used to generate thennodynamic and 
transport properties of the gaseous phase of the products of combustion 
being considered in a two-phase flow analysis. Control of the program 
function for this application is handled through three input groups: the 

reactant data cards, the $1NPT2 namelist, and the $RKT1NP namelist. A 
detailed description of the standard TRAN72 program input is given in 
Ref. 3. Thermodynamic data required for this application are calculated 
using the RKT option under the $INPT2 namelist. Selection of this option 
permits calculation of theoretical rocket performance for both equilibrium 
and frozen compositions during expansions. The variables M0C2P, PARTHT, 
QDOTP, and NQI have been added to the $INPT2 namelist. The M0C2P variable 
controls the selection of the two-phase flow analysis option (M0C2P=T). The 
variables PARTHT, QDOTP, and NQI control the selection (PARTHT=T) and use of 
the variable total enthalpy option when the effects of heat transfer between 
the condensed and gaseous species are to be determined in a two-phase flow 
analysis. When PARTHT=T, QDOTP is set equal to the amount by which the 
total enthalpy of the gaseous only mixture is to be perturbed, NQI is set 
equal to the number of QDOTP values input. The specific values of the ratio 
of chamber to local static pressures (P^/P) at which thermodynamic and 
transport data are to be generated are input to the program in the ^RKTINP 
namelist. The pressure freeze option is activated by setting the variable 
N^Z under the ^RKTINP namelist equal to the number of the pressure ratio at 
which transition from equilibrium to frozen chemistry is to occur. (The 
chamber is considered to be number one, the throat number two, etc.). 

Freeze pressures may be the chamber value or any supersonic pressure. No 
provision is made for freeze pressures between chamber and throat. The 
parameters which are generally utilized by the RAMP program are local Mach 
number, static pressure and temperature, isentropic coefficient (gamma), 
molecular weight, entropy, Prandtl number, viscosity, specific heat at 
constant pressure and the total enthalpy (gas only). These parameters, with 
the exception of the total enthalpy, are calculated for each value of 
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(P^/P) ratio by the program. A detailed description of the logic Involed 
In the standard TRAN72 program cc tatlon Is presented In flow chart form 
In Ref. 3. This Information can consulted for an in-depth understanding 
of the calculational scheme. 

To automatically create a tape for communication with the RAMI’ program 
one of the two tape^iite options must be selected (MOCT-T, or M0CTF=T) 
under the $INPT2 namelist. The MOOT variable is utilized when the thermo- 
chemical data are to be run completely under the equilibrium assumption. 

The MOCTF variable Is utilized when the thermochemical data are to be run 
completely or partially frozen. If one of these options Is selected an 
additional namelist, $TAPGEN, must be Input to control the tape-wrlte func- 
tion and the Input of the case name card. The $TAPGEN data are Input after 
the $INPT2 data but prior to the case name card and $RKTINP namelist inputs. 
Table 4-1 summarizes the program variables added to the modified TRAN72 
program. 

4.2.2 TRAN72 Input Requirements 

Table 4-2 presents complllation of the various Input data utilized hy 
the modified TRAN72 program. There are three basic types of input informa- 
tion: (1) code cards which specify what additional data will follow; (2) 

'^Ixed format data associated with code cards, and; (3) namelist data asso- 
ciated with the namelist's code card The order in which the data are Inout 
is as shown In Table 4-2, Each execution of the TRAN72 progran for use wi. 
the RAMP2F program requires: (2) thermodynamic data (from cards cr tape); 

(2) reactants code card and REACTANTS data cards; (3) NAMELISTS code card 
and $INPT2, $RKTINF and $TAPGEN namelists and a case identlf er card. 
Subsections 4. 2. 2.1 - 4. 2. 2. 4 discuss each of the code cards and the 
associated data or namelists which must follow. 
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Table 4-1 ADDITIONAL INPUT VARIABLES 
FOR ^«)DIFIED* TRAN72 PROGRAM 


$INPT2 namelist 

Variable 

Oiaension 

B 

Coaaon 

Label 

Value 

Before 

Bead 

Coraaent 

MOCT 

1 

■ 

HREC 

F 

Selects tape^rite option 
if true for equil. ruQ« 

M0C2P 

1 


HREC 

F 

Selects two-phase flow 
analysis option if true. 

HOCTF 

1 

1 

HREC 

F 

Selects tape-write option 
if true for frozen and 
pressure freeze options. 

partht 

1 

1 

TWOFAS 

F 

Selects variable total 
enthalpy option if true 
for tvo**phase analysis 
run. 

QDOTP** 

26 

R 

TWOPAS 

0.0 

Set equal to the aaount 
oy which the total 
enthalpy of the gaseous- 
only nixcure is to be 
perturbed. 

NQI 

1 

I 

IVOPAS 

0 

Set equal to the nuaber 
of QDOTP values input. 

RTAPGEN NA.MEL1ST (NEW NAMELIST)**** 

IRE AD 

1 

I 


1 

If equal 0, new data 
added to aaster data tape 
list: if equal 1 data 
written on new data tape. 

10 

1 

I 

* 

8 

Tape unit of old aas' er 
tape list. 

IN*** 

1 

I 

- 

10 

Tape unit of new data 
tape. 

Case Nsne Card (New Input Card) 
Foraat: 6A4 


^Routines aodlfied froa the original TBAN>2 prograa are; LINK, HAINI 
REACT, SEARCH, EQLBRH, ROCKET, RKTOUT, OUll, TRANSP and OUT. 

*« 

The values of QDOTP oust always be Input in ascending order (from the 
aost negative to the most positive). 

When running aultiple cases, the data of the last case aust always be 
placed on cape unit 10 if it is to be cooaunicated autoaatically to the 
RAHP2F. 

tee 

STAPGEN naaelist and case naae card are only required when HOCT or 
HOCTF are true. 
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Table 4-2 PROCmAM INPUT 



C 

[ 

[ 

c 


1£ACTMITS 
Code Cord 


8EACTAMT5 

Cardo 


OHlT 

Cerd(e) 


IKSERT 

C«rd(e} 


(optloful) 


(oprtoaal) 


NAMELISTS 
Code Card 


iivm 

Optional Variables: 

KASC 

HIX (t to IS) 

OP. PPCT. PA or ERATIO 

IONS 

tOEBUC 

TRACE 

HOCT 

HOCTF 

qOOTP 

mi 

HOC2P 

PARTirr 

(Additional oaaelist Input Is 
gleer In table on the right) 


PtVblM 


*«rlabl«* 



(•qalrad 

Optloool 

and 

pr«(«ur« (1PI 

IBPT2 

IP > .lamt. 
T(1 to ?») 
PU to 26) 

BSQB. PSU, or MUG 

tasi.Md catbalpj sad 
pr»«nr* (BP) 

VOT2 

HP - -TIUV. 
PCI to ?b) 

■sgn, PSU. or me 

Aaalgaad eatropf and 
praaaara ($P) 

IMPT7 

SP - .T8U8. 
SOU) 

P(1 to ?«) 

KSQR. PSIA. or SttC 

Aasigtad taaparatare 
voloM or daoaltp (TV) 

1HFT2 

TV - -THUK. 
T(1 to 7A) 
Va to 2A) 
RflOU to 2b) 


Aaalgaad lataraal aaargf 
and voloMt or daotitj ftIV) 

INPT2 

tnr « .TtoH. 
VU to 2b) or 
RRoa to 2b) 


taslgaad aatropg and 
or deaaltg (SV> 

ntPT2 

SV « .TRUE, 
va to 2b) or 
tPOa to 2br 

som 


Datooatloo (Cdll) 

XKPT2 

Dm > .TRUE. 
P(1 to 7b# 
(initial gat) 

Nsgti. psiA, or mac 

T(1 to ?b) 

^Initial gas) 

SboefcCSROCK) 

ZHPT2 

SHOCR .p .TRUE 
P(1 to 13) 

T(1 to 13) 
(initial «aa) 

HSQH. PSIA. or me 


SHRIMP 

Ul(i to 13) or 
KACHi a to 13) 

IHCDEQ « .FAUSF. 
or IMCDfZ «. FALSE. 

.^ockat (RRT) 

f»>T7 

RVT « .TRUE. 
P(1 to 2b) 
(chaaber 
l>roaaaraa) 

TU to 7b) 

(cboid>er) 

nsfft, PSIA. or me 


TAPcn* 


IG ^ 8 
» « 10 
IREAD • 1 


BKTlIiP 


BQL » .FALSE, or 
FROZ « .FALSE. 
PCPU to ??> 
SUPARd to 13) 
SUBARU to 13) 


■ 

taqalras gat baadar card. TAPC8M naMslitt and gat baadar card are oolg 
Btad If MOCT or NOCTP ara tat « .TfiUS. 


4-7 


LOCKHEED-HUNTSVILLE RESEARCH & ENGINEERING CENTER 






LMSC-HREC TR D867400-III 


4.2.2. 1 THERMO Ouie Card aad Thermodynaaic/Traosport Data 

The thermodyoanlc and transport property data for possible chemical 
species can be read from cards or from tape (or mass storage). If the data 
are used from cards, the program will write these data on logical unit 4. 
During a computer run, the appropriate reaction product data consistent with 
each new set of REACTANTS cards will be automatically selected from tape 4 
and stored in core. 


THERMO and transport data may be read in from cards for each run. The 
program writes the THERMO and transport data on tape (or disk}4 as the cards 
are read. The data are written on tape with the same formats as the cards 
except that the THERMO code card and card numbers in column 80 are omitted. 


When adding, removing, or changing data for various species on the 
tape, the whole set of THERMO and transport data cards must be included in 
the ii^ut for making a new tape. 

The order and format of the input of the THERMO code card and therao- 
dyaaaic and transport data are shown in Tables 4-3 and 4-4. The thermo- 
dynamic curve fit data (Table 4-3) is input, followed by the transport 
property data. 

The thermodynamic properties (specific heats, enthalpy and entropy) of 
the species are specified on the thermo ca is according to the following 
fourth order polynominal functions of temperature: 


C 

_P 

R 




^2 ^ ^ 
i,T + a,T + a,T 
3 4 5 


( 1 ) 




a. 


a 


A ,3 


‘5 „4 


aj + ^T + j^T^+^T' + 3^T’ + 


( 2 ) 
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lable 4-3 THERMODYN/MIC CARDS 


(li rd 



C.I rd 

Order 

Contents* 

Format 

(Column 

1 

THERMO 

3A4 

1 to 6 

2 

Temperature ranges for 2 sets of coefficients: 

3F10.3 

1 to 30 


lowest T, common T, and highest T 



3 

Species name 

3A4 

1 to 12 


Date 

2A3 

19 to 24 


Atomic symbols and formula 

4(A2.F3.0) 

25 to 44 


Phase of species (S, L, or G for solid 

A1 

45 


liquid, or gas, respectively) 

2F10.3 

46 to 65 


Temperature range 
Integer 1 

115 

80 

4 

Coefficient a^ (i = 1 to 5) in equations 
(1) to (3) (for upper temperature interval) 

5(E15.8) 

1 to 75 


Integer 2 

15 

80 

5 

Coefficients in eqs. (1) to (3) (ag, aj 
for upper temperature interval, and a^, 32 
and a 3 for lower) 

5(E15.8) 

1 to 75 


Integer 3 

15 

80 

6 

(Coefficients in eqs. (1) to (3) ( 34 , 33 . 
a^, ay for lower temperature Interval 

4(E15.8) 

1 to 60 


Integer 4 

120 

80 

(a) 

Repeat cards numbered 1 to 4 in cc 80 for 
each species 



(Final 

card) 

END (Indicates end of thermodynamic data) 

3A4 

1 to 3 


it 

Caseous species and condensed species with only one condensed phase can be 
in any order. However, the sets for two or more condensed phases of the 
sane species oust be adjacent. If there are more than two condensed phases 
of a species, their sets must be either in increasing or decreasing order 
according to their temperature intervals 
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Table 4-4 TRANSPORT DATA 


Card 

Type 

Content* 

Format 

Column 

1 

Identification of interaction: ch. 2 Kical formula 

of species 1, chamical formula of species 2, 
number of temperatures in table (NTP), code to 
indicate type of data (1 for transport and 2 
for relaxation), and number of rotational 
degrees of freedom. 

2(3A4,6X), 
215, F24.1 

1 to 70 

2b 

Tables of data: either transport data (temp- 

erature, viscosity cross section. A*, and 
B*) or relaxation data (temperature, rota- 
tional collision number, vibrational collision 
number, and dimensionless vibirational heat 
capa.;ity (Cvib/R) 

4F10.4 

1 to 40 

3 

End card to indicate end of transport data; 
LAST written in card columns 1 to 4 

A4 

1 to 4 


Identification of interaction is done by given chemical formula of 
particular species involved, whether they are the same or different. 

They may be specified in either order, inasmuch as the program assumes 
interaction A-B to be same as B-A. The number of rotational degrees of 
freedom is meaningful only for data of a pure species interaction of the 
type A-A). The temperature schedule is arbitrary if the number of 
temperatures is not more than the maximum of 20. In addition, the data 
should be ordered in either an increasing or decreasing function of 
temperature, in order that Interpolation within the table be 
meaningful. As a matter of input convenience, the Hirschfelder-Eucken 
approximation is denoted by setting the collision number equal to 0.0. 

If the vibrational heat capacity is not specified (Cv£|,/R 0), the 

program will calculate a value assuming that the electronic heat 
capacity is zero and that the rotational heat capacity is classical. 

For polar molecules A* should be corrected for resonant exchange of 
internal energy. 

There are NTP cards of type 2; they are followed by a card of either 
type 1 or type 3. 
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s'* 

T 


2 ^*4 i S 4 

a. In T -f- a_T + a»T + = — T + 7 — T + a, 

I 2 3 3 4 7 


( 3 ) 


By definition 




(AH°) 


298.15 


+ (Hr - H2gg^^3) 


(4) 


where is the heat of fomation at T = 298.15®K. 

The equations used in the program for calculating transport properties 
and sources for the necessary interaction data are discussed in Ref. 3. 

4. 2. 2. 2 Reactants Code Card and Data Cards 

This set of cards is required for all problems. The first card in the 
set contains the reactants code card with the word REACTANTS punched in card 
columns 1 to 9. The last card in the set is blank. In between the first 
and last cards may be any number of cards up to a maximum of 13, one for 
each reactant species being considered. The cards for each reactant must 
give the chemical formula and the relative amount of the reactant. For some 
problems, enthalpy values are required. The format and contents of the 
cards are sunmarized in Table 4-3. A list of some sample REACTANTS cards is 
given in Table 4-6. 

Relative Amounts of Reactants: The relative amounts of reactants may 

be specified in se''eral ways. They may be specified in terms of moles, mole 
fraction, or mole percent (by keypunching M in card column 33). 

For some cases, the relative amounts of the reactants are completely 
specified by the values on the REACTANTS cards. However, there are optional 
variables which may be set in namelist INPT2 that indicate relative amounts 
of total fuel to total oxidants. For this situation, each reactant must be 
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Table 4-5 REACTANTS CARDS 


Order 

Contents 

Format 

Card columns 

First 

REACTANTS 

3A4 

1 to 9 

Any 

One card for each reactant species 
(maximum 15). Each card contains: 




(1) Atomic symbols and formula num- 
bers (maximum 5 sets)^ 

5(A2, F7.5) 

1 to 45 


(2) Relative weight^ or number of 
moles 

F7.5 

46 to 52 


(3) Blank if (2) is relative weight or 
M if (2) IS number of moles 

A1 

53 


(4) Enthalpy or internal energy . 
cal mole 

F9.5 

54 to 62 


(5) State: S, L. or C for solid, 
liquid or gas. respectively 

A1 

63 


(6) Temperature associated with 
enthalpy in (4) 

F7.0 

64 to 70 


(6a) J if (4) is in units of kJ/kg-mole 
and blank if (4) is in units of 
cal/g-mole 

Al 

71 


(7) F if fuel or O if oxidant 

A1 

72 


3 

(8) Density .n ^ cm (optional) 

F8.5 

73 to 80 

Last 

Blank 




^Prograin will calculate the enthalpy or internal energy (4) for species in 
the THERMO data at the temperature (6) if zeros are punched in card 
columns 37 and 38. (See section Reactant enthalpy for additional in- 
formation.) 

Relative weight of fuel in total fuels or oxidant in total oxidants. All 
reactants must be given either all in relative weights or all in number 
of moles. 
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OF POOR QUAt-!. 4 

Table 4-6 LIST OF REACTANTS CARDS FOR SOME OXIDANTS AND FUELS 


ChffBKAi 1 foormuLd (card rulumn» 1 to 4I> 

Ferreal 

— 

AMtcaed 

:.r 

Teaprr. 

(b) 

Oen»ir7. 

Refereore» few 

Rrlrrrnces Irr | 



irc 46-«> 

eothslpi . 


•lore 


( cm^ 

ooot^ned eothilpi 

dmfiti ! 




Cl! 

1 

K 


(rr 7>.p0> 


1 




(r. M-«? 


(r< OC-TIl 





Ar^ton.trilr 

C 7. » ). > t. 

too. 

. 

i 

74e.l ' 

1 

.ro* t 

10 

20 

1 AceMenf 

c 7. * 

i*-o. 

44^»:. 

‘ 

147. b.) 

f 

.41' 

M (oenes E) 

14 (series E) | 

Air 

^ l.AeiTa' a«.(.c«i7«c .cocko 

I'a. 

-7«.7 

. 

700. I> 

c 


U) 

1 

j 

! AlvmiRun 

•II. 

ICO. 

»■ 


74*. 1 . 


i.y.i 

reference etemeoi 

“! 

Amm<siia(c) 

ik 1. » 1. 


-1041,. 

* 

74|.l<» 

f 


• 

i 

Ammgaia<n 

A 1. » ). 

ICC. 

-..c 

I 

714.1 


.4»e 

l< (series E) 

1 4 (series E> ' 

Ammuntori percMorato 

•) 1. • «. Ctl. C 4. 

I'*©, 


' 

7«0.l 


1.41 

14 (series A) 

14 (series A) | 

1 Amlinr 

C •. » V. 41. 

l*HJ. 

...c. 

• 

740.11 

' 

i.07ir> 

21 

ID 1 

j *rc.«i 

••1. 

two. 

c.o 


740.11 

, 


reference element 



1 Ben{#fie 

CO. » ». 

ICO. 

*II>I4. 

1 

740.11 


.OTIT 

n 

“ 1 

1 BrrvUtutr 

en. 

ICO. 

o.c 

i 

740.1' 


1.01 

reference element 

*■ ! 

1 Butin* 

C •. ► 10. 

ICO. 

-ucir. 

L 

777.41 


.4017 

22 

20 

' l*bu(efte 

C 4. ► 

ICO. 


1 

744.4 

• 

.4711 

99 

22 

1 CWoru»te‘ 

Cl7. 

ICO. 

e. 

c 

744.11 

c 


reference element 


I CtUorlnrdi 

Cl7. 

104. 

-OSOl. 

i 

7»4.4 

0 

I.l4 

14 (senes E) 

14 (senes E! 

ClilorAe trinooridrf^' 

Clt. f ). 

ICO. 


c 

I...IS 

c 


It 


Chl'>rtne trinsorideU) 

Cil. f ). 

IOC. 

•4«4*C. 

1 


0 

I.O'IT 

23 

24 

CTAiwcra(c> 

C 7. 47. 

ICO. 

*r%o«3. 

G 

740.11 

n 


19 


C*»aa(»ani 

C 7. '7. 

lOO. 

»l644. 

L 

71.'. 0> 

B 

.411? 

t. 1$. It, 2S 

26 

thboraae 

9 7. *-4. 

too. 

44».. 

L 


B 

.*JT| 

14 (senes El 

14 (senes E) 

EtIttM 

C 7. *^4. 

tec. 

-7%CCC. 


104.47 

H 

.>44* 


22 

EUiyl aieohol 

C 7. 16. C U 


-oAin. 

i 

740.1 > 

B 

.ro4> 


2B 

Etb> 1M» 

C 7. *-4. 

|0C. 

•too. 

i 

144. 4« 

B 

• >400 

14 (series E) 

14 (series E) 

Cthyiear aside 

C 7. 4. Cl. 

100. 

-1004U. 

i 

tty.fi 

H 

.0074 

It, 21, 2S 

20 

Ethvltoe potjrtner 

Cl. *-7. 

ICO. 

-4|0'‘. 

f 

740.11 

H 

.4» 

(A 

27 

Fluor 0 ie(g' 

• 7. 

iro. 

e. 

i 

740.11 

H 


reference element 


Ftuonnefl) 

* 7. 

lOO. 

-loot. 

L 

0>. i2 

“ 

l.m 

14 (oertes D) 

14 (oerlee D| 

Graphite 

C 1. 

too. 

0. 

S 

740.1* 

D 

7.71 

reference elemeni 

20 

Nultutn 

Mil. 

ICO. 

0. 

0 

740. |> 

B 


reference etemeni 


Mepune 

C f. ¥ u. 

100. 


i 

740.11 

I 

.0T41I 

22 

22 

Rpdraunr 

47. » 4. 

ICO. 

1710^. 

A 

740.11 

■ 

1.00 >4 

It 

2t 


*n*M t. Mild. L. U«aM. C. itu. 

hrvi. r, o. 

oa Ikt ealloM^ Mlar partnu N, • Tt OUl. O, • 10 0«l$. *r • 0 0U4, OOj • 0 0900 
OimO m lanflia IqrOroeartoaa mrtn 
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ORlCii^AL F.-. i - 

OF POOR QUALITY 


Table 4-6 (Concluded ) 


Chemical I 

! 

Chemical formula (card cotumad 1 to 4ft 

PerceaC 
(rc 46-S2) 

AooicneO 

eothaipr. 
cal mole 
(cc U-4H 

(a) 

Temper. 

ature. 

K 

(cc Oi-.ll 

(b) 

DeftOitf . 
g cm* 
cc 7I-40) 

ReCereoceo for 
aooigned enthalpy 

Referenre* tor 
denaiiy 

Hvdr>«en(c) 

M 2. 



100. 

0. 

4 

24*.l'i 

2 




Hydf'ipeiiO} 

*• Im 



140. 

-2146. 

i 

2C.22 

» 

.02)4 


l4(*erteoD) 

Hedrqften peraxtde 

H i. 

r 2- 


140. 

-44««0. 

i 

240. t> 

0 

1.4)2 

U (MrlM a 

14 (ocrieo O 

BflM 

m l.trrUk 1. 024450 «. 64504a .<2644 

140. 

-6446). 

i 

290.1 . 

0 

1.40 

(*) 

(el 

JP-3. ASTMAl 

C 1. 

*■ 1.4146 


140. 

-410). 

i 

240. tv 

2 

.002 

CO 

(n 

JP-4. Rp-I 

C 1. 

1. 4421 


too. 

-44)6. 

i 

240.1'. 

2 

.Ml 

(O 

» 

LithioftiO) 

ill* 



100. 

1114. 1 

i 

441.66 


■ M) 

g 

so 

UthivmU) 

ill. 



100. 

0. 

4 

240. tv 

' 

.516 

reference elemeM 

so 

Litticm iwrcUnrate 

ill. 

(it. 

r 4. 

too. 

-40440. 

i 

240.lv 

0 

2.4) 

14 (oertM A) 

14 (aerie* A) 

HMIunttel 

C I. 

► 4. 


too. 

-120»4. 


240.lv 

2 


i 


IMtlluMltl 

c t. 

* 4. 


too. 

•»l too. 


111.6* 

2 

.42)4 

U(MTtnC) 

14 (oene* Cl 

Hc<hff| alcoM 

c t. 

» 4. 

0 1. 

too. 

•4tC4). 


240.lv 

2 

.204)4 

1* 

91 

Mmiomefhvl hvdrazine 

C 1. 

^ a. 

* 2. 

140. 

ixcg. 


240.1V 

2 

.026 

>0 

» 

Nitric arid 

* I. 

6 1. 

0 1. 

too. 

-4144). 


240. l> 

n 

1.5)22 

MCMrMC) 

14 (oerteo O 

Nitr««er(c) 

'*• 



ICO. 


6 

240.lv 

2 


rtferthcc •Jemont 


Nitr«en<u 

h 2. 



too. 

-24)4. 


22. )4 

2 

.000 

U(i*H*olft 

l4(otrlcoD) 

Niiriaeen tetrmiide 

4 2. 

i 4. 


too. 

-4*40. 


240. |v 

0 

1.4)1 

l4(»rrieon 

14 (oerica O 

Nilri^eti irin«nride 

• 1. 

• 1. 


iro. 

•1416). 


146.14 

0 

1.5)1 

U(oerieal) 

l4(oeneeCI 

NilTi-meflMiir 

t 1. 

► 1. 

■I 1. <2. 

100. 

•220)0. 

‘ 

240.1 . 

' 

I. 1121 

14 (oerica A) 

90 

OcUnr 

c a. 

*• 14. 


too. 

•4»?40, 

<■ 

240.IS 

2 

.64M67 

» 

U 

Oanectdi:) 

C 2. 



140.0 

0.0 


240.IV 

0 


rtferaace eleiMat 



C 2. 



140* 

-II02. 


40.19 

n 

1.164 

I4(aorteo0) 

l4(*erleaD) 

0\VK«n dtnuorMe 

C 1. 

a 2. 


ICO. 

14*4. 


122.06 

0 

1.521 

t. l4(oertcoB) 

14 (oerlea B| 

Ocuaefd) 

c ». 



too. 

>4100. 


240.)» 

0 


• 


OaoMd) 

C 1. 



too. 

10)10. 


1*2.44 

c 

1.444 

l4(aerl*ol) 

14(4*rle* Cl 

PaaUbonne 

• 4. 

*■ 4. 


too. 

2240. 


240. |V 

2 

.*10) 

l4(4nieoA) 

14 (oerlea A) 

Perchloryi flttoride 

Ui. 

C f. 

» 1. 

ICO. 

-11)40. 


22*.4a 

0 

1.142 

1*. u 

m 

Pro|Me 

C 1. 

*> d. 



•00)22. 


211.0* 

2 

.Moo 

n. tl 

n 

n*frop|rl nitrate 

€ I. 

► ». 

hi. Cl. 


•41220. 


240.1) 

2 

1.0) )0 

a 

so 

Toteeht 

c r. 

» 4. 



20*2. 


2«0.|) 

2 

.•*2>n 

SI 

IS 

tfaeymaaetrlcal 4lmetl>ytlif<raatin 

< !• 

M 4. 

h 2. 


•IIOOO. 


2O0.I) 

2 

.201 

l«(wrW.A) 

SS 


*nu(- *. mIM; L, C. 

V«M. r. sMial, O. 

n« AmMi MtIc mM I*m< am Mlaviag «tKM ptraM*: MOjO) • M l, "/Ml) • I. "1(1) *0.1 

*TypM l« M InMi Mleal«| fnvtrUM' MX vOfM rillo • I III, kw af m i ll i n • IMM H«%. 

■tivtol |M IMI imHi taUo>Ml ^ofcrUM: nx awiM noe • I. IN, kni ai f IHl ai • II M MWIk. 
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specified as a fuel or an oxidizer by keypunching an F or 0, respectively, 
in column 72 of the REACTANTS card. The amounts given on the REACTANTS 
cards are relative to total fuel or total oxidant rather than total reactant. 

There are four options in INPT2 for indicating relative amounts of 
total fuel to total oxidant. They include 

1. Equivalence ratio (ERATIO is true) 

2. Oxidant-to-fuel-welght ratio (OF is true) 

i. Fuel percent by weight (FPCT is true) 

4. Fdel-to-air or fuel-to-oxidant-weight ratio (FA is true). 

For each option, the values are given in the MIX array of INPT2 (described 
in NAMELISTS Input oection). For cases involving just one fuel and one 
oxidant, the amouvits of each (as given in columns 46 to 52) are shown as 
100. This means that the oxidizer is 100 percent of the total oxidizers and 
the fuel is 100 percent of the total fuels. For cases which have more than 
one fuel, the percentage of each by weight relative to the total amount of 
fuels are specified in columns 46 to 52. 

The purpose of the previous namelist variables is to permit using one 
set of reactant cards with any number of values (up to 15), of the variables 
such as oxidant to fuel ratio (OF ® T). 

Assigned enthalpy values for initial conditions are required for HP, 
RKT, OETN, and SHOCK problems. An assigned Internal energy is required for 
the UV problem. These assigned values for the total reactant are calculated 
automatically by the program from the enthaples or internal energies of the 
individual reactants. 
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The values for Che individual reactants are either keypunched on the 
REACTANTS cards or calculated from Che THERMO data. The choice varies 
according Co the type cf problem as follows: 

(1) RKT, UV, HP problems; Enthalpies or internal energies are taken 
from the REACTANTS cards unless zeros are punched in card columns 37 and 
38. For each REACTANTS card with the "00" code, an enthalpy will be calcu- 
lated for the species from the THERMO data for the temperature given in card 
columns 64 to 71. 

( ?) SHOCK problems: Enthalpies for all of the reactants are calculated 

from the THERMO data for the temperatures in the T schedule of namelist 
1NPT2 (see Table 4-7). If enthalpy values are punched in card columns 64 to 
71 (Table 4-6) they will be Ignored. It is not necessary to punch zeros in 
card columns 37 and 38. 

(3) DETN problems; If no T schedule is given in namelist 1NPT2, the 
option for calculating reactant enthalpies is the same as for RKT, UV, and 
HP problems. However, if a T schedule is given in INPT2, the enthalpies 
will be calculated from the THERMO data for the temperatures in the T 
schedule, the same as for the SHOCK problem. 

The convention used by the program for specifying enthalpies is that 


”t ~ ^^“f ^298. 13 ^^T ~ ^298. 15^ 


where AH^ is the heat of formation. Since the program sums the indi- 
vidual enthalpies (assigned or computed) to obtain the resevoir total 
enthalpy, it is important that these values be at the same reference temper- 
ature (columns 64-71), however the fuel temperature may be different from 
the oxidant temperature. 
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Table 4-7 VARIABLES IN INPT2 NAMELIST 


Variable 

Dimen- 

sion 

Type 

Common 

Label 

Read 

Value 

Before 

Definition and Comments 

KASE 

1 

1 

INDX 

0 

Optional assigned 
number associated with 
case 

P 

26 

R 

POINTS 

0 

Assigned pressures; 
chamber pressures for 
rocket problems; values 
in atm unless PSIA, NSQM 
or MMHG = T (see below) 

NSQM 

1 

L 

— 

False 

Values in P array are 
in N/m^* 

PSIA 

1 

L 

— 

False 

Values in P array are 
in psla units* 

MMHG 

1 

L 

— 

False 

Values in P array are 
in mmHg units* 

V 

26 

R 

POINTS 

0 

Volume, cm^/g 

RHO 

26 

R 

POINTS+(P) 

0 

Density, g/cm^ 

T 

26 

R 

POINTS 

0 

A'^signed temperature, K 

MIX 

15 

R 

MISC+(OXF) 

0 

Values of equivalence 
ratios if ERATIO = T; 
oxidanC-to-fuel weight 
ratio if OP = T; per- 
cent fuel by weight if 
FPCT = T; and fuel to air 
weight ratio if FA = T 

ERATIO 

1 

L 

MISC 

False 

Equivalence ratios are 
given in MIX* 

OF 

1 

L 

MISC 

False 

Oxidant-to-fuel weight 
ratios are given in 
MIX* 


If variable is sec to be true. 

4. 

Equlvalenced to variable given in parentheses. 
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Table 4-7 (Continued) 


Variable 

Dimen- 

sion 

Type 

Common 

Label 

Read 

Value 

Before 

Definition and Comments 

FPCT 

1 

L 

MISC 

False 

Percent fuel by weight 
are given in MIX* 

FA 

1 

L 

— 

False 

Fuel to air weight ratios 
are given in MIX* 

TRACE 

1 

R 

MISC 

0 

(5.E-9 

for 

SHOCK 

problem) 

Option to print mole 
fractions > TRACE in 
special E-format 

IONS 

1 

L 

INDX 

False 

Consider ionic species* 

IDEBUG 

1 

I 

INDX 

0 

Print Intermediate output 
for all points indexed ^ 
integer value 

TP 

1 

L 

INDX 

False 

Assigned temperature and 
pressure problem* 

HP 

1 

L 

INDX 

False 

Assigned enthalpy and 
pressure problem 

SP 

1 

L 

INDX 

False 

Assigned entropy (SO) and 
pressure p''oblem 

SO 

1 

R 

MISC 

0 

Assigned entropy, 
cal/(g)(K) 

TV 

1 

L 

INDX 

False 

Assigned temperature and 
volume j^or density) 
problem* 

UV 

1 

L 

INDX 

False 

Assigned Internal energy 
and volume (or density) 
problem* 

SV 

1 

L 

INDX 

False 

Assigned entropy (SO) and 
volume (or density) 
problem* 


If variable Is set to be true. 
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Table 4-7 (Concluded) 


Variable 

Dimen- 

sion 

r 

Type 

Common 

Label 

Read 

Value 

Before 

Definition and Comments 

RKT 

1 

L 


False 

Rocket problem* 

DETN 

1 

L 

— 

False 

Detonation problem* 

SHOCK 

1 

L 

INDX 

False 

Shock problem* 

SIUNIT 

1 

L 

— 

False 

If true, the output tables 
will be in SI units 

MOCT 

1 

L 

HREC 

F 

Selects Cape-w'rite option 
if true for equil, run 

MOC2P 

1 

L 

HREC 

F 

Selects two-phase flow 
analysis option if ture 

MOCTF 

1 

L 

HREC 

FD 

Selec.s tape-write option 
if true for frozen and 
pressure freeze options 

PARTHT 

1 

L 

TWOPAS 

F 

Selects variable total 
enthalpy option if true 
for two-phase analysis 
run 

QDOTP 

26 

R 

TWOPAS 

0.0 

Set equal to the amount 
by Wiiich the total enthalpy 
of the gaseous-only mix- 
ture is to be perturbed. 

NQl 

1 

I 

TWOPAS 

0 

Set equal to the number 
of QDOTP values input 


If variable is set to be true. 
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When Che program Is calculating the Individual reactant enthalpy or 
internal energy values from the THERMO data, the following two conditions 
are required: 

1. The reactant must also be one of Che species in Che set of THERMO 

data. For example., NH^(g) is in Che set of THERMO data but NH^(/) is 
not. Therefore, if NH^(g) is used as a reactant its enthalpy could be 
calculated automatically, but that of could not be. 

2. The temperature T must be in the range £ T ^ ^higb * 

where to is Che temperatre range of the THERMO data. 

The only option that is used to produce the data required by the RAMP2F 
code is the RKT option. All ocher options which are discussed in this 
section are included Co assist the users in preparing data for ocher appli- 
cations or codes. 

4.2. 2.3 Omit and Insert Cards 

As indicated in Table 4-2, OMIT and/or INSERT cards may follow the 
REACTANTS cards. Their inclusion is optional. They contain the cames of 
particular species in Che library of thermodynamic data for the specific 
purposes to be discussed. Each card contains the word OMIT (in card columns 
1 to 4) or INSERT (in card columns 1 to 6} and Che names of f>'om one to four 
species starting in columns 16, 31, 46, and 61. The names must be exactly 
Che same as they appear in the THERMO data. 

OMIT Cards; These cards list species to be omitted from the THERMO 
data. If OMIT cards are not used, the program will consider as possible 
species all those species in the THERMO data which are consistent with Che 
chemical system being considered. For some reactant combinations, notably 
the solid propellants, the number of possible reaction products may exceed 
the allotted storage (ICO species). In this case, the only recourse is to 
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direct the (program to Ignore some of the possible products by listing their 
chemical symbols on OMIT cards. Some judgment, based partly on the relative 
amounts of the elements loaded into the chamber, is necessary in formulating 
the list of omitted species. Occasionally a trial run will be required. 

Ocassionally it may be desired to specifically omit one or more species 
from considerations as possible species. This may be accomplished by means 
of OMIT cards. 

INSERT Cards; These cards contain the names of condensed species 
only. They have been included as options for two reasons. 

The first and more important reason for including the INSERT card 
option is that, in rare Instances, it is impossible to obtain convergence 
for assigned enthalpy problems (HP or RKT) without the use of INSERT card. 
This occurs when, by considering gases only, the temperature becomes ex- 
tremely low (say several degrees Kelvin). In these rare cases, the use of 
an INSERT card containing the name of the required condensed species will 
eliminate this kind of convergence difficulty. When this difficulty occurs, 
the following message is printed by the program: "LOW TEMPERATURE IMPLIES 

CONDENSED SPECIES SHOULD HAVE BEEN INCLUDED ON AN INSERT CARD." 

The second and less important reason is that if one knows that one or 
severe 1 particular condensed species will be present among the final equi- 
librium compositions for the first assigned point, then a small amount of 
computer time can be saved by using an INSERT card. Condensed species whose 
chemical formulas are included on an INSERT card will be considered by the 
program during the initial iterations for rho first assigned point. If the 
INSERT card were not used, only gaseous species will be considered during 
the ini.lal iterations. However, after convergence, the program will auto- 
matically insert the appropriate condensed species and reconverge. For all 
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other assigned points the Inclusion of condensed species is handled auto- 
oatlcally by the program. Therefore, It usually is Imaterlal whether or 
not INSERT cards are used for the purpose of saving computer tluM. 

4. 2. 2. 4 NAMELISTS Code Card and Namelist Input 

As Indicated in Table 4-2, the NAHELJ*^^ code card preceeds the 
Namelist input. All problems require an INPT2 input. Rocket problems which 
are generating data for the RAMP2F code (MOCT » T or MOCTF > T) also require 
(iomediately after the INFT2 namelist data) the namelist TAPGEN followed by 
a gas header card. Rocket and shock problems each require an additional 
set, namely, RKTINP and SHKINP. These additional sets simply follow INPT2 
(or TAPGEN and header card) directly. 

The variables in each namelist are listed in Table 4-1, 4-2, 4-7, 4-8, 
and 4-9. Table 4-2 indicates %fhlcb variables are required and which are 
optional for the various types of problems. Tables 4-1, 4-7, 4-8, and 4-9 
give a brief definition of each variable. Additional information about some 
of these variables follows: 

Pressure Units: The program assumes the pressure in the P schedule to 

be in units of atmospheres unless either PSLA •= T, NSQH “ T, or MMHG = T. 

Relative Amounts of Fuel(s) and Ogidiaer(s): These quantities may be 

specified by assigning 1 to 15 values for either 0/F, ZF, F/A, or ER. If no 
value is assigned for any of these, the program assumes the relative amouts 
of fuel(s) and oxidizer(s) to be those specified on the REACTANTS cards. 

(See discussion in REACTANTS Cards section.) 

Printing Mole Tractions of Trace Species: The program automatically 

prints compositions of species with mole fractions 5 x 10~^ in F-format 
for all problems except SHOCK, The TRACE option permits printing smaller 
mole fractions. If the variable TRACE is set to some positive value, mole 


4-22 


LOCKHEED-HUNTSVILLE RESEARCH & ENGINEERING CENTER 



LMSC-llREC TR D867400-II1 


fractions greater than or equal to this value tfill be printed. VRien this 
option is used, a special E-fomat for mole fraction output is used auto- 
matically. A TRACE value of l.E-38 is the lowest value allowed by the 
program. For cases in which ionic species are requested a trace level of at 
least l.E-10 is suggested. 

Intermediate Output: Intermediate output will be listed for whatever 

point IDEBUG is set equal to and all following points. As an example, 
setting IDEBUG = 3 will result in intermediate output for all points except 
the first two. This should be avoided unless a problem with a particular 
case is encountered. 

TP, HP, SP, TV, UV, or SV Problems; In these problems, from 1 to 26 
values of T, P, and V (or RHO) may be assigned. However, only one value of 
entropy SO may be assigned in INPUT2 for the SP or SV problem. Only one 
value of enthalpy is permitted for the HP problem and only one value of 
internal energy is permitted for the UV problem. However, these values of 
enthalpy and internal energy are not assigned in INPT2 but are calculated by 
the program. In a TP problem, if 26 values of T and 26 values of P are 
assigned in INPUT2, properties will be calculted for the 676 possible P and 
T combinations. Similarly, up to 676 combinations can be calculated for a 
TV problem. 

DETN Problem: Calcul. tions will be made for all combinations of 

initial pressure P and initial temperature T. Initial temperatures may be 
specified in INPT2 namelist or on the REACTANTS card. 

RKT Problem; At least one chamber pressure value P is required in 
INPT2, although as many as 26 chamber pressures may be assigned. A maximum 
of two can be used with the RAMP2F code. A complete set of calculations w1 1 
be done for each chamber pressure. For cases where data Is being generated 
for the RAMP2F code two chamber pressures should be Input. One at the 
actual chamber pressure and another that is two orders of magnitude lower. 
The second chamber pressure corresponds to a different entropy level of the 
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fluid which allows the RAMP2F prograa to account for themodyoaalc changes 
due to variations in total pressure (two phase cases or boundary layer 
cases). The RKT problea requires the TAPGEN naaelist and gas header card if 
MOCT»T or MOCTF=T. These data will follow the 1NPT2 naaelist. Ail RKT 
cases requries the RKTINP naiselist iaaediately following the 1NPT2 naaelist 
on TAPGEN naaelist and data card if they are present. 

TAPGEN Naaelist and Gas Header Card (RKT Problea Only); This naaelist 
is required for RKT probeas in whih the data is to be used by the RAMP2F 
prograa (MOCT^T or HOCTF=T). A list of variables and definitions ace given 
in Table 4-1. Lasediately after the TAPGEN naaelist coaes the gas header 
card which is written on the output cape. 

RKTINP Naaelist (RKT problea only); This naaelist is required for RKT 
probleas. It follows the 1NPT2 naaelist. A list of variables and defini- 
tions is given in Table 4-8. All variables are optional, although ususally 
a pressure ratio schedule (PCP), an area ratio schedule (SUBAR) or (SUPAR), 
or soae coabination of these shedules will be assigned. 

Pressure ratio and area ratio schedules oust not include values for the 
chamber and throat inasauch as these values are assigned or calculated auto- 
matically by the prograa. If both a pressure ratio schedule and an area 
ratio schedule are given in RKTINP, tte pressure ratios will be calculted 
first. If both schedules are omitted, only chamber and throat conditions 
will be calculated. 

The program will calculate both equilibrium and frozen performance 
unless RKTINP contains FR02 =* F or EQL = F. If FROZ » F, only equilibrium 
performance will be calculated. If EQL = F, only frozen performance will be 
calculated. 

To generate data for the RAMP2F code the pressure ratio option (PCP) 
option must be used. A maximum of 11 pressure ratios may be used on the PCP 
schedule since the chamber and throat conditions are calculated in addition 
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Table 4-8 VARIABLES IN RKTINP NAMELIST^ 


VaruMe 

Dimn- 

sii»a 

r— ^ 
Tw>e 

CummiM 

label 

Vilue 

before 

read 

OefuutKjo aAd commecits 

EQL 

1 

L 

PEHr 

TRUE 

CalruUie rocket performance assumme 
equibbnon composiiioa during ciqiaasloa*’ 

FROZ 

1 

L 

PERF 

TRUE 

Calculate rocket pertermaoce ass ■ nuag 
frozen composition duniig enpansion*’ 

PCP 

22 

R 

PERF 

0 

Ratio of ckaiDber pressure to eatt pressure; 
Hst should sot iaebide ualses for the chsaa- 
ber and throat; atorage allons tbr 22 uabies 

Sl-SAR 

U 

R 

PERF 

0 

SubsoBc area ratios 

SLTAR 

13 

R 

PERF 

0 

S^iersoaic area raiioa 

TCEST 

1 

R 


3800 

Optiooal imtial chamber temperature esti- 
mate K. Hay be necessary when condensed 
species have been inserted on OtSBRT cards 
and 3800 K is br outside the range of the 
data for the inserted species 

NFZ 

I 

1 


1 

Option tor freezing composition at throat 
(NFZ = 21 or a supersoo'c point '.NFZ ^ 2) 
when FROZ - . true. An extra bide is 
printed with equUlbrtum cosgMSttlon 
Ibrongb potad NFZ and frozen aercaftar 
with the conpoattlon of point NFZ as- 
aamsd. B NFZ > 2, only 13-NFZ addl- 
Uooal exil polnb arc aUoned. 


*lteqalrcd for rocket protHeaM only. 

^Set oiiaMe talac It these cstcnUtlaae are oot desired. 
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to the PCP schedule and the RAMP2F code has a limitation of 13 pressure 
ratios for each input 0/F (or enthalpy) and total pressure (entropy) table. 

SHOCK Problem ; The program requires a P and T schedule in 1NPT2 and 
either a U1 or MACHl schedule in a second namelist SHKINP, which is 
described next. These values all refer to the unshocked gas and must 
correspond one to one with each other. The pressure and temperature 
schedules are limited to 13 values for SHOCK problems only. This corre- 
sponds to the 13-value limit for U1 or HACUl schedules. For shock problems 
REACTANTS cards must be only for gaseous reactants that are also included as 
reaction species in the THERMO data. This permits the program to calculate 
enthalpy and specific heat values of the reactants from the THERMO data. 

The SHKINP namelist follows the INPT2 namelist. 

SHKINP Namelist (SHOCK Problem Only); A list of variables and defini- 
tions is given in Table 4-9. SHKINP must include from 1 to 13 values of 
either Ul or MACHl of the unshocked gas. The program will calculate Inci- 
dent shock parameters assuming both equilibrium and frozen composition 
unless SHKINP contains either INCDEQ = F, or INCDFZ = F. If INCDEQ = F, 
only frozen composition will be used. If INCDFZ » F, only equilibrium 
composition will be used. In addition there are options for calculating 
reflected shock parameters. For each incident condition called for, 
reflected shock parameters will be calculated assuming either a frozen 
composition (REFLFZ ■ T), an equilibrium composition (REFLEQ = T), or both 
(REFLFZ » T, REFLEQ = T) . 
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Table 4-9 VARIABLES IN SHKINP NAMELIST* 


Variable 

Oimro* 

Sion 

Type 

Value 

befjce 

read 

Definition and comments 

INCDEQ 

1 

L 

TRUE 

Calculate incident shock parameters assu— .ing 
equilibrium compositions^ 

INCOFZ 

1 

L 

TRUE 

Calculate incident shock parameters assuming 
frosen compositions^ 

REFLEQ 

1 

L 

FALSE 

Calculate reflected shock parameters assum- 
ing equilibrium competition^ 

RCFLFZ 

1 

L 

TAISE 

Calculate reflected shock parameters assum- 
ing composition frozen at incident composi- 
tion' 

UI 

13 

R 

0 

Shock velocity in m sec (not required if values 
of MACHI are listed) 

MACHI 

S3 

R 

0 

Ratio of shock velocity to the velocity of sound 
in the mshocked gas (not required if values 
of Ul are listed) 


^Required for ahock praUems only. 

Set variable falae if three calculations are not desired. 
*^lf variable Is set to be true. 
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4.3 SPECIAL CONSIDERATIONS FOR USING THE TRAN72 PROGRAM WITH RAMP2F 

The user must select some of the input variables for the TRAN72 program 
to provide the most appropriate data to the RAMP2F program. Some of these 
data are: variable total enthalpy levels (two-phase and single-phase plumes 

with boundary layer), variable entropy levels (different total presures), 
the schedule of pressure ratios to perform the expansion and where to 
"freeze" the chemistry. There are some Instances when the TRAN72 program 
can calculate poor thermodynamic data which will result in inaccurate flow 
fields or cause the RAMP2F code to error off. Each of these areas is dis- 
cussed in the following subsections. 

4.3.1 Use and Selection of the Variable Total Enthalpy Option (PARTHT = T) 

The variable total enthalpy option of the TRAN72 program is used to 
produce thermodynamic tables that Include variations due to differences in 
total enthalpy within the nozzle or plume. Two types of flow solutions 
require consideration of total enthalpy gradients. These cases are: two- 

phase nozzle and/or plume solutions and single or two-phase plume solutions 
which include nozzle boundary layer effects. 

The work required to accelerate particles in two-phase motors combined 
with the heat exchange between the particle and gas phases is a non- 
Isentropic expansion (see Appendix C of Vol. I). As a consequence, most 
solid rocket motor expansion processes result in a decrease in the gas total 
enthalpy as the flow expands. As a general rule of thumb, five total 
enthalpy tables can be used. Typical values of total enthalpy differences 
(QDOTP=) to input into the program for a 16 percent aluminium propellant 
are: -400, -150, -75, -40, 0.0 cal/gm. For less aluminized propellants the 
enthalpy variations need not be as great. Sample case 4 of Section 4.4 
illustrates this option. 

High altitude plumes for which nozzle boundary layers are considered 
require the use of multiple total enthalpy tables due to the total enthalpy 
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gradients which exist across the boundary layer. The nozzle solution does 
not require total enthalpy tables (assuming constant 0/F ratio) but the 
plume solution does. After the boundary layer has been calculated by the 
BLIMPJ program the user should examine the last station printed out by the 
BLIMPJ code. This station corresponds to the exit plane of the motor. The 
difference in total enthalpy between the first point (wall) and the last 
point (boundary layer edge) is the maximum QDOTP to input into the TRAN72 
program. Eight or ten different QDOTPs should be considered with the range 
going from the most negative (U_ ' ) to zero in even Increments. 

*ot> 

Sample case 4-3 of Section 4.4 illustrates this option. 

It should be noted that all entries in the QDOTP array must be mono- 
tomlcally increasing with the last (or first if the enthalpy at the wall is 
greater than freestream) entry being zero. The zero level corresponds to 
freestream (boundary layer edge) conditions. There is a maximum of 10 total 
enthalpy entries that can be used in the RAMP2F code. 

4.3.2 Ihermodynamic Variations with Total Pressure Losses 

Two-phase nozzles and plumes require the consideration of variation in 
thermodynamics due to variations in total pressure (entropy) which occurs 
during the expansion process. This is accomplished by executing the TRAN72 
program with two pressures input in the P schedule of the $1NPT2 namelist. 
The first pressure should correspond to the actual motor chamber pressure. 
The second pressure should be a factor of 10 to 50 lower than the chamber 
pressure. 

Two pressures can be run for all cases since the program will use the 
second table (total pressure) for gas only cases to calculate pitot pressure 
only. The RAMP2F program has a limit of two total pressure (entropy) tables 
per total enthalpy table. 


4-29 


LOCKHEED-HUNTSVILLE RESEARCH & ENGINEERING CENTER 



LMSC-HREC TR D867400-III 


4.3.3 Nozzle Freezing Points 

Most rocket motors have a region In the flow where the chemical reac- 
tions go from fast (equilibrium) to slow (nearly frozen), lu this transi- 
tion region the mole fractions of the constituents change negligibly. If 
this region is shrunk to a point the freeze point has been reached. 

For every rocket motor the location of the freeze point is a function 
of the expansion process and propellant composition. The only way to deter- 
mine the actual freeze point is to calculate the flow field using a finite 
rate analysis. This can be done using a coupled analysis as is available in 
the RAHP2F code or an uncoupled analysis whereby the precalculated variation 
of flow properties along a given gas streamline is used as Input to a one- 
dimensional finite rate program. The resulting variation in species mole 
fractions can be plotted as a function of pressure and the pressure at which 
there are negligible changes in the dominating specie mole fractions is the 
“freeze" pressure. This pressure ratio can then be input into the TRAN72 
program and a set of tables can be generated for the RAMP2F program. 

Previous calculations give some rules of chumb in determining freeze 
pressures for certain type motors and propellants. Typical large solid 
rocket motors using standard non-exotic propellant (Al, AP, PBAN, PBAA) 
chemically freeze at pressure ratios (P^/P = 5) slightly downstream of the 
throat. Calculation of freeze pressures for a bipropellant motor (R4D, Ref. 
19) operating at a 100 psia using MMH/N20^, indicate that the freeze 
pressure ratio was 1000 for an O/F ratio of 3.07 and 2.5 for an 0/F ratio of 
1.24. For standard propellant systems a freeze pressure ratio of 20 is an 
estimate that can be used for calculating a nozzle and plume flow field. 

For motors with exotic propellants or for cases in which the plume is 
to be used for applications which require an accurate representation of 
chemical species distributions, the flow field should be calculated using a 
finite rate chemistry analysis. 
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To use the freeze pressure option of the TRAN72 program the user should 
specify MOCTF-T on the ilNPT2 namelist. Additionally, the freeze pressure 
ratio should be entered as a value In the PCP schedule of the ^RKTINP name- 
list. Finally the number (NFZ) of the freeze pressure in the PCP schedule 
(Including the chamber and throat pressure ratio) must be entered In the 
RKTINP namelist. An example of the pressure freeze oplon is given In sample 
case 3 where the freeze pressure ratio Is 2. 

4.3.4 Care In the Use of TRAN72 Data with RAMP2F 

The results of th TRAN72 program which are to be used with the RAMP2F 
program should be examined to see there are Inflections in the variation of 
gamma with pressure. For some cases, gamma will start to decrease with 
expanding pressure (and decreasing temperature). These variations are 
probably not real but due to the application of the thermodynamic curve fits 
at low temperatures. The use of these data will result In difficulties for 
the RAMP2F flowfleld program. For cases where this happens, and when the 
user Is going to use equilibrium data only, the data should be rerun with 
the pressure ratios omitted from the PCP schedule beyond the pressure ratio 
where gamma starts decreasing significantly. For equilibrium/frozen cases 
the pressure ratio at whlc** the flow Is frozen should be decreased until 
there Is no drop In gamma. 

4.4 TFJ1N72 SAMPLE CASES 

This section presents six sample cases which Illustrate the use of the 
TRAN72 program. Each of the cases Is discussed In Sections 4.4.1 through 
4.4.6. Table 4-10 presents listings of the Input data as well as some of 
the output results. 
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Table 4-10 

EXAMPLE CASES OF REQUIRED INPUT AND OUTPUT OF TRAN72 
PROGRAM FOR GENERATION OF THERMODYNAMIC DATA 
FOR RAMP2P PROGRAM 


Case 1: Constanl 0/F, Equilibrium Chemistry 


RCACTUNTi 
M 2.0 
0 2.0 


NAHCLISTS 

* I WPT2 

“ RKTrT,R«St = l,0FsT,HlX=6.113.P=2950..3077^ia=T.n0CT:T 

_SEWD_ 

•f«P6CN 

|WC»Dgt.IO=»,IM=IO 

•CNO 

H2 /02 P C=2950 

tmVlMP 

PC PsS..10..20.. *0..l00..500..S00.« 10 00. t 5000. t 100 00. _ 
*£R0 
STOP 


100 . ■ T63.3962C HO. r 

100. -2T70.196L 102.7 0 


ORIGffJAL r-ACi: 

OF POOR QUALiTV 
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Case 1 Output 


i 

u> 

ijj 


■>c«CT«i*rs 
H 2.0000 
0 2.0000 
xaNCLlSfS 

tlHPTj 

"•-iE =_- 

T : 


.0000 

3000 


.0000 

.0000 


.0000 

.0000 


.0000 

.0000 


100.0000 

lOO.OOOC 


riOJ.Ji 

•2TT0.I5 


.l^OtODS- 
102. TOD 


. 00000 - 

.rooop 




.ooooooooe*oo. .ooooooooc*oo. 
.ooooooaoe«oo. ..qooqoqoqc*oo<. 
.ooooaoooe*oo, .ooooooooc*oo« 

*oooaooaac*oo. .ooooooooctoo.. 

.oQOOooooe«oo. .ooooooooc*oo« 
.O OOOOOO OE « 00 . .O OOO OOqo E«flfll- 
.000000001*00. .000000001*00. 
.oqooooooE*oo«. .. ..oooqooQOLiQOi. 
. 000006001 * 00 , . 000000001 * 00 , 

. 000000001 * 00 . . .oooogooQitoa.- 
.000000001*00. .000000001*00. 
•opQooQaftUiOi, 

.000000001*00. .000000001*00. 

295000001*04. . .300000001*02. 


.000000001*00. 

..DOQOOOODC*DOl. 

.000000001*00. 

..floaoooooctfio.. 

.000000001*00. 

. 000000001 * 00 . 


.000000001*00, 

. 000000001 * 00 .. 

.000000001*00, 

,000000001*00.- 

.000000001*00. 

.000000001*00. 


P5I* 

mnhg 

NSON 

w 


9 M 0 


.000000001*00. 

.000000001*00. 

.000000001*00. 

.000000 001* 00. 

> 006000001 * 00 . 

.000000001*00. 


.000000001*00. 

. 000060061 * 00 . 

.000000001*00. 

.000000001*00 

.295000001*09. 

. 000000001 * 00 . 

. 000000001 * 00 . 

.000000001*00. 

.000000001*00. 

. 000000001 * 00 . 


.000000001*00. 
.oooooooqi.og. . 
.000000001*00. 
.000000001*00 ■_ 
~. 006060001 * 00 . 
.000000001*00 


^00000001 * 00 1 . 
~.oo 6 oeo 6 oi*oo. 
.000000001*00. 

.300000001*02. 

.000000001*00. 

.000000001*00. 

.000000001*00. 

.000000001*00. 

.000000001*00. 


.000000001*00. 

.g0QOJ066£*OO,_ 

. 000000001 * 00 . 

-.ggggaaoac*gQL 

.000000001*00. 

. 000000001 * 00 . 

.000000001*00. 

.ggggooogirgo, 

. 000000001 * 06 . 

. 000000001 * 00 , 

. 060600001 * 00 . 

.00000000 1* 00. 


.000000001*00. 
.oooooBPgi*oo,_ 
. 060600001 * 00 . 
.gooQODQQi*.go. 
.000000001*00, 
[* 00 . 


.000000001*00 

.060000001*00. 

. 600000661 * 00 . 

_.oggpooD6Ctog. 

. 600660061 * 00 . 

.000000001*00. 


.000000001*00. .000000001*00. 


_. 066000001*00. 
.000000001*00. 
.000000001*00. 

.000000001*00* 

.000000001*00. 

. 000000001 * 00 . 

.000000001*00* 

.000000001*00* 

.000000001*00. 


.00000000 1*0 0. 

.000000001*00, 

.000000001*00. 

.000000001*00. 
.000000001*00. 
.000000001*00., 
* 060600001 * 00 . 
.000000001*00, 
.000000001 *00. 


o 

m 

•V 

c 

c 

33 

0 

c : 

1 ■ 


o 

aj 

dS 





. 000000001 * 00 . 

. 000000001*00 



ER 9 T 10 

r 

F 





or 

r 

T 


. _ 


— 

rpcT 

r 

r 






r 

r 





"IK 

z 


. 111300001 * 01 , 

. 000060001 * 00 . 

. 000000001 * 00 . 

. 006060001 * 60 . 




. 030000001 * 00 * 

* 00 uc 00001 * 00 . 

. 000000001 * 00 . 

. 000000001 * 00 . 




. 000000001 * 00 , 

. 000000001 * 00 , 

. 000000001 * 00 * 

. 000000001 * 00 , 




. 000000001 * 00 . 

.000000 jt* 00 . 

_. 0 nooooooi*OQ _ 

^ — 

TP 

r 

F 





NP 

2 

f 





59 

z 

r 





tv 

z 

F 


_ 

. . 


0 • 

z 

r 





5 . 

z 

F 




... . _ > 

pnt 

z 

T 





5 N 0 CK 

z 

f 
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Case Output (Cont'd) 


I 

LO 

*■ 


DETW r r 

oTTo r f 

C» s_ .OOQDAOOQCtPO — 

SO = .ooooooooc«oo 

so _ = ,OQOOooooc«oq — - 

lofis = r 

I0CBK 6 = «0 

foacc : •ooooooaoc«oo 

Slum I s _£ 

eiiNifs s r 

TRN^T s 1 

fSozu r r 

PU NCH r F 

NOO«T« = f 

oir = r 

NOCP = f 


NOCT 

NOCTf 

MOC2P 

PAPfNT 

OPOTP 


•oooooooocj*oo» .gpooooooiloof .oppp>|g qoc«oO t •pooppooDt qp, 

,ooooooo6c*6bt ' •oodo6nd6c*o6t <noooooooT*oOt .odoooooocjo> 

, 00000000 c *00. ( .OOOOOpooE«OOt .tlOOOOOOO C*OOt «OOOOOOPO C*OO t 

.obooooooc~*oo • .6o6b6nooc*oot '•ooaooobdc*oOi .obooooo6c*oot 

.OODOOOOOC« pp. .00000000C*00t «0000DD00C*DDi .ooooooqoc«DO t 

•boo6o66oc«oo» aoooooooocpoot .oooooooot«oo» .oooooooot«oOt 

.ooooooooc*oo»_ .ooaoooopc*oo . ... 


NOI 

s 

♦0 

«CNO 


— 

tTtPOCN 


_ 

ipcao 

r 


10 

r 

•0 

IN 

s 

•10 

tCNO 



spccits 

OEINb 

CONSIOCRCO IN 


J 3/77 
J s/61 
J 6/61 


H 

N20 

03 


J 9/79 ho; 

I 2/99 H202 


J ;/7f N2 
J 3/77 6 


Lll/65 H20IS1 111/65 M20ICI 

J 6/tt oh j i/ff P? 



M20(SI 
fPN TlNP 

COL r f 

rP07_ s 7 

SUN60 r 


.1. lST_0.IL_C0HptH.se 0. _S/f C t.CJt fPOH SC6 WCW_ 


M20iLI 


■bbbbboooc«oo 

.OOOOOOCOC400 


SUP*B 


PCP 


ToBffoemrafioo 
• 00000000 c «00 
• SbSHI^0OC«O0 
• 00000000 c *00 
.bobbobbbc*ob 
•o oooo oooc »oo 
•soooobbbc*ot 

•10000000C*03 


' •SbbOfl9Sbi^o# 

, .ooooooooc*oo, 

; — ;if0iieBtf8ef5NS7 


'•oo6obbbdI*EG» 
• ooooo oooc*oo, 
• (IbAdbbfiBT ♦BB • 


V' TBBBBobooI^Ot 
• _ •oqooooooc*pOf 
, ' .boobbabbe«obf 


• 10000000^*02 • 
•3oooonooc*o3t 


;oBoBoBbBC«6B» 

•oooooooqe«ooi 

.bbbbobbot*b6, 

'TsBffBoCtiBf iSJ, 
•3n000000C*03t 


•6BB0S6DBe*B0, 

.oooooococ*oo« 

-^iBBBBBoPBrJBB','^ 

• liqBSBbDOT*BOt 

•00000000t*00f 

•obbobbPbt*bb • 
",•0000000? *027 

•10000000[*0Nf 
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OF POoR QiJM.Liry 


Case 1 Output (Cont'd) 


.bODO no flOE« 0 ». » iooo coooe*os. .OOOOOOOOfOO. .oooooooot»oo. 

.OC3;<COOOC*OOi .00000000c«00* .OOOOOOOOE«00« .OOOOOOOOC*OOt 

.•‘jooD-30iioe*oo*-^ .aoaoaaQac«ooi _^omioosR<jio« ■onaiuiisai^oiif 

.ooooaoooE«oO( .ooooooooc«oa 


*t*Wl 


OF.: 6 1:3000 

EMTHAlPT 





CFFECTin FUEl 

EFFCCT19E OKIOANT 
HPPm 


NIITUBC 

HSUBO 

«K6-M0tllDE6 MI/N6 

-.190SS0«3*03 

-.«356«?22*02 


-.69229097*02 

NG-A10HS/H6 

BOPd.21 

BOPlItll 


Botn 

H 

.99209300*00 

.OOQOODOO 


.13997603*00 

0 

.00000000 

.62502393-01 


.53715285-01 




PT H 0 

1 .. re.BM :JS.696 StPOR 


2 

-9.039 

-16.035 

9.000 

PC7P1: 1.738131 .T= 

3979.91 

3 

-9.356 

-16.835 

9.000 

9 

-9.555 

-17.518 

9.000 . 

S 

-9.738 

-18.381 

9.000 

6 

-9.908 

-19.979 

9.000 

7 

-10.118 

-21.332 

9.000 

8 

-10.363 

-29.289 

3.000 

9 

-10.976 

-25.978 

3.000 

10 

-10.631 

-28.679 

3.000 

11 

-11.000 

-37.355 

2.000 

12 

-11.168 

-92.507 

2.000 
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Case 1 Output (Cont'd) 


. iRtNSPpaj peopeaTics of rocmct e»m»ust ussup^wo cquh,ib»ium cohposiucw duping ckpowsiow 
O/ fs^fc.lijO PCPCCSf fUtt: IP.OSM COliimCPCC P*Ti05"~'1.?90j 'CMiPBEP'PPfS>'*UPi= 266. T35 it** 


TCnP VXSCOS11T 

OEB.lt 


NON ATOPIC 
- CDNp 


INTCPNAL 

-_.CPPO„„. 


FP02CN 

,.tPI»«__ 


PC ACTION 
CONQ 


eOUILIBPIUP 

conjb 


CP 


CAL/ICPHSCCMPI 


fPp.2 

C»t/ICHPI 


CF" 

CO 


“piAiiffn 

fP02 


PrInPtI 

CO 


LCwIi 

NUPBCR 


DIMCNSIONLCSS 


I 


3ABB 


3«7S 


lOBB 

2B3P 

2SB0 


I112.X10-B 7O2.XI0>6 SPS.XlO-6 lB9T«PI0-6 2A60.B10-B AO»I.»lO-fe #B*9P L*9**»9 ♦jtlBZ .S2TB 

... NO lMIlSPP£I.Bi!»-NC«.j:jBUND-tOP.JLI<i;_iPtUICS_ittl 


1.3100 


lOBB. 


B6I. 


*B2. 500., 

922. SAB. 

BSa. SOA. 


BAB. 


7SI* 

B92. 

619. 


NO TRANSPORT OBT* VCpC POUND. FOR T.MC.SNCpiCS H202. 

iSlO. 207T. SSBI. .B7TT 1.7766 


.6212 


NO TRANSPORT DATA NCRC FOUND FOR TNC SPCCICS N02 

.. -JJ14* JMfct 24SiA till! I4ISF 

1230. ase* 2076. .6A91 I .211 

1123. A6I. 1805,,. . ..B3IB 


170 

1 




.A292 i.lAlS 


.5326 

.5AOS 

.5SB9 


l.T22t 


O O 

■n 

•P : j 

c •• 

O 


I ' 


t. 

? 

r 


212A 
1990 
16AI 
1990 
1 302 


797 


7B9. 

606. 

SBT. 

539. 

977. 


597.. 

297. 


AAA. 

.932. 

353. 

327, 

293. 


SAl. 

337. 

2*?. 

237. 


-22Zm. 


CASE FOR QOOTP = 


m 

393. lot 

•6A.2 AND PC : 


lOOA. 

JUb 


6B9. 

530. 


209. 

_51i 


12IA, 


699. 

t?P*. 

ISO. 


.BI52 

.7660 


.79S7 

.7256 

.6975 


• 9036 

-tSfiH 


,9aW 

.7262 

.6975 


.6A0T 

.6319 

.62?5‘ 


.5676 

.6202 

Tsisr 

.6310 

.62t9 


_200,7,.HAS OECN JONPttJI.P...*NO UR3TTJEN ON TAPE UNITIO 


1.9167 

2.1926 

■5;sc62" 

2.6098 

2.0567 



386. 0. 

ISfi 

.6327 

.6327 

.6136 

.bill 

• 

300. 0. 

loo. 

.6097 

.65fi 

TiSii 

.6020 
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LOCKHEED-HUNTSVILLE RESEARCH & ENGINEERING CENTER 


Case I Output (Cont'd) 


TMCQUfT leal WOeWE T Pe BrOBWa NCt AS5U W1W6 - 


"C : 3«S0»0 ^Sla 

case NO. 1 

CMCMlCAt FONNUta 
Fuei N 3.00000 
OlIOaNT 0 2.00000 


iif riacrioN cncoof ‘ state 

ttct.Nmt EAuasi 

>. 00000 -76 1.346 I 

t .OOOPO _ -27T0»J46 . t 


ttMP 

oeo a 

140.00 

103.70 


bCNSttV 

_ 6 iCC 

.^Oob 

.otoo 


0/F= 6.1130 PCOCeNt foet: 14.0968 CQUlWatCNCC OatlOt 1.2463 UtaC TaNt . 0 E**S 1 t¥S .0000 


*• 

I 


OJ 

00 


r»C/P 

p. atM 

t. 0C6 K 
PHO. 6/CC 
H, Cat/B 
S, CaL/(«l<KI 


CHaHBCR 

1.0000 

200.73 

3666 

4.083S-S 

-127.6 

4.0464 


THNOAt 

1.7713 

113.33 

3356 

.6396-3 

-414.6 

4.P464 


cult 

9.0000 

40.147 
3616 
.3777-3 
-663. S 
4.0464 


. Exit 

exit 

exit 

EXIT 

Exit 

. EXIT 

EXIT 

10.000 

20.000 

40.000 

100.00 

300.00 

500.00 

1000.00 

20.073 

10.037 

5.0164 

2.00T3 

.6641 

.4015 

.200T 

2SOO 

2211 

1446 

1636 

1316 

1103 

1016 

3901-3 

7.5760-9 

4.2960-9-3 

.0*96-9 

6.4651-5 

-.5.6590-5..3 

.29Q6--8 

11S0.7 

-1307.4 

-1546.3 

-1634.4 

-2064.2 

-2161.7 

-2272.3 

4.0464 

4.0464 

4.0464, 

4.0464 

4.0464 

4.0464 

4.0464 


exit 

SOOO.OO 

.0401 

702 

7.9446-6 

-2471.4 

4.0464 


exit 

10000.0 

.0201 

543 

S.644S-6 

•2916.4 

4.0464 


HOL N7 13.643 
CP. cat/<6MMI .8644 
caMNa ISI . _ 1.1463 
SON VCL.mACC 1636.6 
MaCH NUMBCB .000 


13.643 

.6736 

i.im 

1563.2 

1.000 


13.693 13.643 . i3.64S 

.8443 .6344 .6063 


13.693 -. 13.693 
.7643 .7447 


1436.5 1356.2 

1.751 3.157 


lt«l«4.__|»337t U35PC- 

1374.1 1204.4 1110.7 

3.536 ,3»4I0_. .1.603 


13*643 ... 13.643 
.7056 .6646 

..K2564 iaiilD. 

1002.4 494.7 

4.014 6_,333. 


.13.641 13.643 

.6961 .6046 


Jiim LiJ 1 94 

340.4 746.4 

4.755 5.414 


13.643 
0 9906 
1.3271 
641.2 
6.445 


ac/at 

cstap. Pt/$ec 

CF 

Ixac.LB-SCC/ie 
ISP, LB-SCC/lB 


1.0000. . 1.9733 
7676 7979 

ll9*2- 

243.3 335.6 

154..4 . . 396.9, 


.1.3967 

7679 

-lam 


_3*8II§ .. -8.i96» 

7979 7676 

Jj401 liSJi 

373.3 341.4 


351.3 

2,48 .4 _.3J1 • 1 


-I57...9. 


.U*901 

7979 

4137 F 

365.4 


- "nn 


Jiat 


431.2 

6 U '0 


43 FTT 

430.7 


1.636 li?U 


446.4 

432.0 


461 .4 
451 .6 


347.33 

7975 

U445 

~466.b 

457.6 


Note FRaciioNs 


H 

H202 


.03027 

.00003 


HM- 

0 


•QQOQO 

.00331 


-»2. 

ON 


lum - 

aoDitiONai PBOOuCTroHicM uEBTcoNsiorocb ouf iiMOsr Notr FPaciiONS oeirress tMaai 


H 20 

03 


,.67866 

.6637?" 


.50000-05 FOB ail a$sT 6 Neb coNoftioNs 


N20»S» - H201L1.. 03 _ . _ - - -- — - 

Note. HCieNt FftactioN or . fuel in total . fuels aNo. or. oMoaNT-iN.iotau-OxipaNis — 

NO toawspp o t Data mere rouwo fob twe 5gltiE4-tuti_ 

NomaNSPOPt oata uepe found for tMt species h2Q3 
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Case 1 Output (Cont'd) 


is- 

I 

VO 


TRANSPODT raOPCRTIE) Or ROCNCt (XHtVST ASSUHIHO PROZCN COMPOSITION DVRlN&.£>ie«JlS10N .. . 

0/F= 4.1130 PCRCCNT POCIS IR.OStO EOUIV»tCRet ROTies I.ZORS CN4NBER PRESSURE* 200.715 »TN 


TEMP WiSCOilTT NOM lORlC ‘ rNURNit " PROZEM ^ CP ~ PR4NDTL 
_ eoNO eoNO cono .tRO.z E.Ro?. 


OEO R ^PQISI C41/ICW MSECMRI __£«C/J OMI!il 


3400 


3ii4 


2010 


1II2.VI0-6 702. *10-4. 0*8. RIO-4. ISOT.JLIP'O . ..OO**^ 

_ NO IR4NSP0RT 04T4 NtRE POU ND fOR THE SPE CIES MU2 


r01i?_ 


i0l4. 


RT 0«1 
4i$. 


Oil. 


UNO PORjTM|. SPCCIES..H 




7SI4V 


NO fRONSPOPf 6* TO Were pound POR the species H02 


no' TRANSPORT DATA HERE POUHO POR *ME SPECIES M202 
*07. 574. 4,71. _ I2*7j| .0**3 


.4175 


NO JWJS$PJ|RJ_0»ll.JPtJE j:0««R.PJ»S_IM£_.»£f C.I«_M02_ 


1 

NO TRANSPORT DATA MERE FOUND POR THE SPECIES H2 

02 

Jiao — I 

ifr; ^TTi nr, nai; 

2*0 .4210 


NO'TRANSPORT OAfi HERE POUND fOR'TNi S^ECIES m52 

S5 TffANiPoBT' 6 aU SeS^'p^RO PoOSPspIcxirHiof 

2 211 7*0. API . 4*0. *T1. .8002 .4220 


JO. IRON SPORT .O.ATA HERE POUND _FJJ^TJE_5PE.Cj_ES MJ2 

JOJPO N SPO RLO*l* J?Pl. P OVJO. P AEl 


T*ao 47¥T aTT: aTF. iin .toAi ToTBf 

gifj f jyiiQ rgn imE SPEEIES M02 

“ NO 'TifiNSPoST DATA WfiE Pound por THi sPtci?r"M2o5 “ 

1430 501. 301, 324. TOT. .TA*T .4142 

NO TROWSPQRT OAT * WERE PQUNO POR. THE. |P«it S M0.2. 

NO TRANSPORT 0*1* WERE POUND POR THE SPECIES H202 _ . . . 

AT*. 320. 235. 555. .7054 .4005 


1314 
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Case I Output (Cont'd) 



1 2 





.. 

1« IS 

200.7 

H 

.0 

H02 

.0 

H2 

... _.tO. 

M20 

.P . 

H202 

.0 

0 

.0 

ON 

02 






— - 

.0 

.0 

.0 

.0 

.0 

.0 

• 0 



.3687805*08 

.1928862*01 

.2380181*00 

.8086383*01 

.1369321*02 

.1185316*01 

_»5RMB9fl 

.5277778*00 

.3027882-01 

.1112387-02 

.7961783-08 

.8056995-02 

.6788629*00 

-.1276336*03 

.2680850-08 

-.1216338*03 
.1310512-02 _ 

.0000000 
.8571 382-01 

.3717777-02 

.6UlPQfl*W - 

.5291871*00 
- .2895881-01 

.2578827-02 
.51 13000*01 

.1068397-02 
. «8l589l2r08_ 

*J§I8»U«QS- - 

.1776623*01 
*2J82I59a00 

.3085692*08 

.8096383*01 .1383925*02 

.1185272*01 

.1000007*01 

.3566896-02 
7.606911*00. _ 

.8096383*01 

-.8133599*03 

,>X56»Ll8_-ft!L_ 
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Case 1 Output (Concluded) 
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Bipropellant, Equilibrium Chemistry with a Freeze 
Point Variable 0/F Ratio 
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Case 2 Output (Cont’d) 
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• - 










-- 

CISI 

•OoOJO 

. CK9 


.OuOQl 

CC 


.17115 

. . . C02 


.01402 



H 

.OUOJI 

H2 


.95793 

H20 


.09753 

Nm5 


.00003 




.?59i3 ... 

on 


.OUOUO _ 

. 
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C«S» C CH Im£ Crt£o CHl CMM CN CNH CM£ 

C2 . . .. . CZU .. __ C*H2 XZH- C£H6 C2W _CZN2 ... . C20 CJ CJOi 

C9 C»Nl C5 UCH HCO HMCO M^O HNO? MNOJ "02 

HZ.Oti.1 tua-’ !!( NC8. ^NM. Nii<£ N.O ... «0*. 

NOJ N?mI* N20 N20‘* f£OS Hi P 07 OJ 


NOIt. ueiONT FRACTIuN Of FUEL IN FOIAi. fUELi ANO OF OMOANT IM 101 f-L OXIOANIS 
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Case 2 Output nt*d) 


T«AJ»SPOHI J>RO»*CHXiCS_ur_BuC*C.Li.*HAbiJl ASSUMINC ^RO^CN COnPOSlllOh UUKlNb LAP*N&]0N 
JR02LN AfItR J'OlhT S _ 


0/F: .bOOO PfRCtNI FUtL^ 'jS.6bS6 CgUlW*LtNCl PAl lOr 3.I20S CHAHBtfi PBF SSUBl : >0.<Ul »tM 


UMP 

t ISCOSlIY 

HONAIOHIC 

inubnal 

FBO/EN 

CP 

PRAM IL 

_ 

_ — 

CflttIL 

CONO. 

_tOM' 

fh02_. 

THO/ 

OEC K 

POISE 

CAL/IEHMSCCllKl 

— 

CAL/IOI IKt 


i*’uS 

StS.YiO: 

-A- 386. XiO- 

6. . 28 3.XlP-6_ 

669.X10-6 _ .57S2„ 

..98t,2 

1 Til 

SIS. 

3*i. 

29 1. 

S99. 

.S62S 

.9677 

ISuA 

968. 

322. 

2U6. 

S28. 

.5993 

.9669 

lOUS 

967. 

i."*.. 

2US. 

S27. 

.5991 

.9669 

1 TTl 

939. 

302. 

183. 

98S. 

_ .5*00 

...9BB1 _ , 






_ 


li:j9 

391. 

27U. 

198. 

916. 

.5237 

.9896 

6T7 

327. 

229. 

107. 

331. 

.9 997 

.9871 

768 

299. 

209. 

93. 

297. 

.9901 

.9890 

. S 12 

- 238. 

. ICli. . . . 

70. 

231. 

.9752 

.9776 

.179 

173. 

12 J. 

99. 

1 72. 

.9637 

.9672 

27B 

- 337. _ 

- - 

37. - - 

136. - 

.9588 

.9616 

IDS 

97. 

7 1. 

22. 

9S. 

.9535 

.9629 
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J HE ORE T1C «L B JCR CI B ^RfOBW* BCE RSSUMN6 f WMgfl.££«tPk!lUA6j*— 

_ POIN 1 J 


Pt I 


ISi.O PSl* 


CHEMICAL EwRnUUI 

r«iCL c i.oouou' H o.ououa 

OklOAMi N 2.00UOO 0 B.OUQOO 

U/f: 2.2000 


B 2.00U0U 
PEBCLNI fuel: U.2^- 


Ml FPACIION 



i.noooo 

t.OQ.OUO 


ENCBCV 
C»V /MOL 
12900.001 
-•iOBU.OOO 


SIAIl lEMP OrMSIIt 

uttj K C/CC 

L .if MO 

L 29b. IS I.9IIU 


EQUIVAIXMCE P*IJO= ..1»139J BE*CI*NT OEhSllr:i l.i?lj 


*- 

I 

•o- 

O' 


PC/P 
p, Ain 
I. OEG M 
BHOt_L/'^C__ — 
H, CAl G 
S. CAL/lClIRl 


ChambeP 
I .UOOO 
10 . mi 
il93 
).9bl2r9 
S2.S 
- 2.6995 


ThROAT. 


EXIT . 


1.7276 I.ISCO 
G.026t- j.1076 

3U16 2660 

5a 5 i 2 J - 9__i,il6 99.-,9_ 
“96.6 “2t»S*2 

2 .B 995 _ 2.6995 


EXIl _ 
3.360U 
. . 3.0602 
2 b »6 
3 .D'<7o -9 
-267.3 

2 -.a 995 - 


ExlT 
S.UQOQ 
. 2.U622 
2 bS 9 
»21i9-9_ 
-3S9.9 
-A.B9VS. 


M, noi Bl__ 22.551 2iAB96_- J1.165- 

CP. CaL/<bIIKI 1.5979 1.97S1 l.iS59 

-L5J UJulUS UX2A9 UiZli. 


-2J.3B5 23.165. 


r.AMtU 


.9726 

1.221il- 


.9666 

Ja 2 U 1 - 


Exll 

lU.OOO 

1.0911 

2390 

-SP6 .2 

2.6955 

,.21.3 85 
. 9601 
1 - 22 B 9 


SOH «LLiH/St.C 
MAClLJtUlieLB 


1153.6 1117.0 10^5. 5 

__ .non uuou i. 5 i 6 _ 


lUIS .5 


EXU 

Exit 

EXIT . 

EXI T 

tXlT 

EXI r 

30.000 

50.U0O 

1 50 .00 

700.00 

2aOU.UO 

boon . 00 

.39)0 

.2062 

- .0699 

_.0)99 

,J052 

.0013 

19U0 

1 720 

1 379 

991 

760 

55 7 

-707.2 

3.9201-5 

.786.9 

1.9223-5 9 

.2393-6 

1 • itdbS “6 

6.S99l-7_ 

-931 .9 

-1067.2 

-1166.6 

-1295.9 

.,.2,6.945. 

_7,«995 

_ J.8.995__ 

i.69 9 5.^ 

_.2*6995 

2.6995 

.2 3 . ) 65 _ 

...23.1JJ5. 

.21.)65._ 

2Jt)e5 

._iitie5 

__ 23. 165 

.9991 

.9356 

.9155 

.3699 

.1650 

.3937 

1 •21V1 

) .2950 

1.2599 

>.2665 

1 .3068 

1 . 3 122 

9IB.9 
ZA^79iL 

876.9 

3.U2J. 

769.3 

3.636 

676.2 
9.56 7 

609.5 
ii2ll9. 

515.9 
9, 366 


AL2A1 



CSIAR, FT/SEC 
C£ 

l 9 AC,LB- 5 tC/Le 

liE._l.a: 5 LC/E 6 _ 


iuJiua B.eujo ulaJ u — sii. 1 1 5 .. 

5611 56)1 5(11 Sbll 

1.9T9 1.599 1.67B >A6Q fe- 


tSiiUT 
5611 
1 .666 


230.7 291.8 

_AA9>B 195a9. 


291.9 

270.2 


310.2 

292.7 


326 

319 


339.6 

3.5.7 


.2.63.6 3 
56)1 
1.9 2 7. 
19 2.2 
336.1 


exit 
5000C.U 
.0002 
396 
1.6899-7 
■ -1315.9 
2.6995 

23. 165 
.3267 

1.3557 

911.5 
8.22 3 

1079.17 

561) 

l..??6_ 

39 t .6 

395.0 
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CHS 

ho 2 

.OUObO — 

.00002 


. 01654 - 
• 0,677 
B 1^711 

H 20 

0 

.39365 

.DDiLil. 

N 

_ 5 H 


•ouooo 

eO&B 76 


„ 

02 

.01169 
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conMOLrlO But whose 

MOLL FPAC 1 I 0 N 5 WERE LESS THAN 

• 

50000-05 F 0 » 
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C 0 N 0 lTI 0 t ,5 
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r H? 

Cii 7 U 

LMi CM" 


CM 

CNN 

CN 2 

- 

.COlJ 

C 2 rt 

C^h 2 

i.2HU 

C^H 6 

hlO 

C 2 N C 2 N 2 

mNCO HNO 


cru 

H 7 *L? 

HNOi 

h 292 



ts 

H^O(S» 

<y ?0 

H^ulL 1 

H 202 
N 20 5 

NCO 

N 3 

fill 

Cj 

NH 2 NM? 



NC 2 

NU 3 

h 2 



I9C1 E. bEIGMI FRACtluN Of f Out. itu I3U ALXOEL5_6flO JiF- .OaUIAM Jf. jO] At. OXlHANlS 
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Case 3: Bipropellant, Equilibrium/Frozen, Constant 0/F with Variable 

Total Enthalpy Tables 


RCACMnTS 

.C. H_6.0 N_2.,0 loe, 12900., L 2 «e*}$ r .879 

N 2.0 0 9.0 too. -9860. L 296.15 0 J.931 


NANtllSTS . 

-.*|9PT2 

RKT:t,»»51»:| ,P:110., HOCtf r 1 ,or:T ,Hlx:l .698 , 

. KOCitU. 0BjDJ_P,i:ii2DQi*:aJiIfl«,t:S5JLL»-75o. t -8Q0 .,-950., 

-300. ,-lS0.,O.O,N0I =9t 

- 1I66CI.W . ■ 

IRC60:i,I0:8.IN:i0t 

_V£RW_or;i .6>8 PC = 11P SHi 

SRNtiNP 

PCeg2*.5^.A0.^2 0..90..100..5pn..wr2=3 9 

STOP 
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Case 3 Output 


I 

00 


IHtOfttllCOL »OCWM PC » fO»H|[WC£ OSSWIlWfl fWOlgl* COHf Oil J-lgtl OUflJJtfl. gJtf A MMW 

AfKR fPtMt-3 


-fxj uQ«tt-eu* 


QPaiP r -lann.onnn c*l/b 

CMUiCALJLaaMULi. 

rtiCL C 1.00000 H f.ooooo N 2.00000 

OalDtWT W 2.QP00n fi_ JUflOaftflL . 


Ht rOACtlON 
tSC£ w otrl 
1.00000 
1.00000 


CMeoev s?»ic tw ocotttt 

..Jt/(S. - 

lltOO.OOO L 2*0. IS .ST«0 

.»4in.P00 t, lUtll ijdfWL 


Q/fi 1 . 4 I »«0 ptactm rutLi ai .im touiwAttweg ottios — l iani , mACT S Ml PCm i U j — 



rMAMor 0 

JHftOil 

CUT 

ClTll Ellt 

till 

_f»XL 

XJXT 

E*J! 

PC/«* 

IoOQOq 

UTSOO 

2.0000 

T.TN9A 

S.OOOO 

l.a9T0 

to . 000 

.7004 

20.000 

90.000 
.1971 

100.00 
.0799 

soo.oo 

.PISO 

T. oce N 

9*«l 

j.0191-1 1 

• 9S 
.2S4n«i 

1.12«0-3_ 

Tl« bOb Sll «S0 239 

S.S999-9 3.2bbS-9 1.91b9?9 AU82ir«_i40m=.’' 

221 

.UUJ9-8 - - — -- 

No CAt/6 
i • CML /Ifil IM 1 

•U2S.9 


•US9.9 

2.M14I 

•last.b 

2.9191 

-1291.9 

2.9'191 

•isaa.a 

2.9191 

-issa.s 

2.9191 

-1390.7 

2.9191 

•1931.9 

29.9111 

N. NO 4 NT 


9t .490 

21. TOO 

21 .Tno 

21.700 

21. 700 _ 

21.700 

ZAilflfl 

21.700 

CP, i*«i OMtll 

(lAMMi 1 

••^00 
t.lOI 7 

I•0(I03 

I.OTIT 

^llTTO 

.3919 

1.3B89 

• 379b 
1.31T9 

.3b99 .SbOa .3S1S .3900 

1.329b 1.1901 KSSll lUiAII 

SON v€t«N/sce 
NArM MiiiHira 

«49.l 

OSOot 
t .nan 

bSO.2 

I.IIS 

S9T.b 

l.Tlb 

SS 3 .O 

2.191 

S10.3 

2.SS1 

9b9.b 

2.911 

919.3 

3.SS0 

390.9 

■ ...ijdtia 

iC/AT 


i.nono 

l.OllS 

l.«B«S 

2 .obsa 

S.lbSb 

9.9bi2 

9.1971 

2F»7» 

C$tAOo rt/scc 

Cf 


Sllb 

.4Ti 

Stib 

.TbO 

Sllb 

l.OaO 

Sllb 

Sllb 

1.372 

Sllb 

1.9b9 

Sllb 

i.sai 

Sllb 

UH9 

TVACfte-scc/ta 


120.0 
AN .0 

120. b 
11. b 

131. a 
109. b 

190.7 

120.7 

19B.2 

139.3 
192.3 

lbO.7 
ISXbl. 

ua.s 

- - 1 U 90 


MOLE riUCIIONS 

Cno 


CO 


.01990 

CQ2. 


.12733 

-112. 

- . 911 UJ 

M20 

.299S5 

NM1 


«0002t 

N2 


.329S2 



>ODltlON«L POODUCTS NHICN 

HfRC CONSIOCOCO 

OUT HNOSC 

HOLE rObCTIOOS HEOE LESS TN*N .SOODO-OS FOR blL bSslONEO CONOITIONS 


c 

CH 

Cm? 

CH20 

CHS 

CM 

C^W 

-M2.- 



CJM — 

C2M2 

CJN9 

e?Hb 

C2N 

C2 n 2 

CFO 

CS 

CI02 

C9 

C9N2 

r4 



Mca 

HNCO 

UNO 

HMoa 

MHOS 

HA2 

Hill- 

H202 

N 

NCO 

NH 

HHJ 

NO 

N02 

NO 3 

N2H9 

N20 

juia 

M2A1 

lU 

0 

JlH 

02- 

03 




~ — 
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TBtMSPOPT PBOPtPTICS Qt POCUfT S SJMHTNO. fP07CP C OSPP»IJ JQH.. PUBl Mti tiPANSION 


. _ — 

— 


fJjB2C fJ_»r TtP.pplNT_.S 

— -- - 

- 

0 /rr i.6«aj prpccNT ruci: 3? 

4T6*« 

tOlllVALCNCr PAffO: l.$|P0 

CHANBfP 

PBCSSUPr: r.*S5 *tM 

... 

“■^IScolTfV 

HPNifOHl£ fNffPNiL 

rB«K« ' 

CP 

anifiOTL 



COHO 

CONO 

tOND 

rpo2 

fP02 

..Otc •• 

pqisf 


_f*t/iCH!isfcnpi 


/ 1 OMNI 

— 

SpPO 

8t?.«t0 

•« 3P9, 

XlO'0 3««.X10»6 

7a3.XI0>6 

.511* 

.5765 

2«PS 

0P2. 

303. 

Stl. 

733. 

.507* 

.5027 


9IS* 


30S. 

721. 

.5053 

.58*1 

5 IPS 

Tjf. 

- 

3l«. 


an. 

.*«*o 

.5928 

20P6 

eqii 4 

?!U 

257. 

. sse,. __ 

.*530 _ 

.59*8 

1 ira 

SPP# 

25*. 

213. 

*71. 

.*706 

.5991 

|PP0 

5304 

2324 

IT». 

*10. 

.*571 

.600* 

1 

«6$4 

201. 

I3T. 

337. 

.*351 

.6033 

_ 

3P94 

152. 

a?. 

233. 

.*0*0 

.*0«* 
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TMrontTic«i Harart p rerflawtucc Ai&utimc fa02CW CQHFaSITIQH ljUl 

J 


_PC : liXiaa Pilt 

cboip : .nona ciiza 

CHtnK.*l--tD 5 i'«Ul _ 

ruCl C l«OOOaQ N 6.Q00U0 M 2.00000 
. <j * jjtaftaofi—jB — vjOQDao 

/'/r; Pfsrftit futi^z IT.TfcSS 


Ml rOACIION CNCROY SIkIC 

me.noici..._CH^f«pt _ 

1.00000 12900.000 I 

liPBDM -JAIflpQOO. 1. 

rniiiwtLfugr P4fiei RUCUHl-ntiaitt-- 


tCNP 
01P-? 
299. IS 
. 29#jl5 . 

JitXUi 


OCNSITt 

6/CC 

.•T«0 

i.*no 


Wl 

o 


PC/P 

JiA-JJIt. 


..ctui"ec8_ 

1.0000 

■I.Sfl&fl 


I.T990 

-s«2m— 


-SU 

2.0000 

l.XSZA 


-XUl x?lt_.-. t*II. _ . tXJI- 

S.OOOO 10.000 20.000 90.000 

t.99Tff .7tS9 .JLIU aUi- 


. emi tm - 

100.00 soo.oo 

.mJU.%3 aAISIL. 

12S9 9 T9 


T, 0£6 9 J090 299S 2T99 2J95 2096 1TT9 IS 9 O 

PHO, f./cc - 6 , 1169-9 3 , 7129-9 10622 - 9 . l, 60 « 9 r<i 9 _*i 9 T?-> 5,2999-5 3 . 0 S 9 S -5 1 . 9992-5 9 . 9033-6 

M, C*l/6 79.1 -65.5 -122.0 -199,5 -999.9 -622.5 -TJl.l -956.6 -1020.9 

Ji CtL /iGu Ki J,05 j 65 ._3.0565„ 3»0l6i 3,.(li64. _J,fl56S_ 3»fl565— J«0565 .1,0565. . -.1.0565 


BQi. Jil 


CP . C*L/ «0 t «M > 
, G6MW6 ISI 


20.362 20.562 2 0.629 2U.629 20.629 2IU629 20«AZj| 2IUA2A 


<0N «Cl,H,5CC 

MACW tlUMBfP 


1.1161 .9169 

.J.1529 U162Q. 

1195.6 1155. 6 

-non 1.^100. 


.9996 .9990 .9630 

L.i6ifl 1»2«1 UJ69/. 


1196.3 

■ ■l.UX. 


1093.9 


1015.0 

_x.xoa. 


-20,625- 

.9706 .9571 .9191 .9090 

|.?579._ _J,29Tl L,2919_ .1,1132 

999.9 996.9 909.3 690.3 

-2 , 5.91 2 .AJ 1 I J, 5 A» 


-*.UtL 


1.0000 i.nl29 1.99 51 2.1725 1.51.50 8i5?21 UUiUU UxUL- 


CST*P, 

rf 


PT/SCC 


rv«c,ie>$ec/LB 

- L5P-.-I 



5707 5707 

,259 ia?6.. 

261.0 276.5 

.5 296,2. 


5707 5707 5707 

. 1 ,995 X,-60.'l 1 , 190 _ 

299.9 301.2 320.5 

.265,0. 2IiU9 109.1L- 


POLC PP«C7I0NS 


f 0 

. 1 

CQ7 

.06019 

H 

_ _-,01655 JJ02 

... ..OOOOO 

H2 

.15925 

H20 

.33551 

NO 

.C0I25 N2 

.30*92 

-11 

,00056 

__00 

»ni0i9 

fli 

.00051 
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r 

CM 

r >m9 

CM2 
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CM20 

C9HA 
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rfH 
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CN 

C20 
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■« 

CN2 
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C2 

C5 

CN2 

cs 

NCN 

NCO 

NNCO 

HNO 

hno2 

NNOS 

H2N2 

H202 


NCO 
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NM2 

.HHJ 

.. M02 

N01 

H*«9 

N20 

N20* 

HiOi 

N3 

OS 
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OF POOR - 


Caz-c : Solid Propellant, Equilibrium/Frozen with Variaolc 

Total Enthalpy Tables 




c ffcS' 

N 
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_ N .Zf.* _ 
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H 
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0 


n .m 

1 .96 

- 2 « J'* 0 . 
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16 ^ 

_^n.E 

< 79 A.I« r .^ 97 ^ 

^ 1 ■ tl 

H 
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0 
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^ 9*6 
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S 799 . IS r .bias 
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- 
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^ s 2 o«.ii F_^ies 
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CM9 
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C7H6 

CJ07 

c% 

cs 
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CCl J . . _ 

_cn* 

CH 

_CM2 

•JPIT 

rt ISI 

rr II - 1 

recL?csi 

rrci?ii 1 

Q**IT 



_ P70fl» 

0?- 

-HCa* - . . - - 

OHI r 

■7P7M? 


HA*^ 

•i»7rL? 

n"IT 

KAISI 

flACL iSl 

HAQMISI 

..JIA2CM.SJ - . 

0-ir 

M<U 1 

•KCl IL 1 

HA OH |L 1 

N»70|L I 

fipi I 

m«-i 

Kfl. • S-* 

_ ACHISI 

«20|S» 

J-IT 

N IL ) 

urtiLi 

kOMIl 1 

97 

C^*IT 

__ALfL t 


_«tCLZ- 

...AUC.* 

0"1I 

Ai.rH« 

A10N« 

•L 07 - 

At 7n» 

OPlT 


*L» 

H- 

C*. 

0"II 

r- 

C7- . 

CH* 

CH- 

OP IT 

rw* 

,Cn7 

HAD- 

HCO» _ 

0»*lf 

i«0« 

HAM 

FPOShSISI 

07 

OPI T 
OP I 1 

H»hPI TSTS 

K0?~ 

k'c?c< 


HT 

HHCO 


»mrT,Psi»rl,PT9r0.0.«I,O0.>»0C;«>-T, 

■OCTf :i .►•‘BTHT :T , 

•JO 1=* ,of>PTr= -«inQ.,-i5o-t . -••It. .r.r 

«ino 



IBr«n-l,Tn:P.T>iriO 

»f wn 

'.I* LLiifa- -sim_pr-soo hus 1 3 

t INP 

•^cf, !j..ra..«c..6a..iaa...S4tg..iaou..c020..ionoa..sao=o..HF?-x 

• f •;(■ 

SI CP 
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LOCKHEED-HUNTSV 


Case U Output 


THEOnrTICtL POCNCt P(RFORM*NCr *$SUm1nO CeUlLtBpIu** CnNPOSITlON OllRINS rxPtNSlOW 


ei. -I 900.0 psi» — 


-fcMfcttjCtt .iioBlUa A 


riiFL r 6.e«iinu h lo.niienn o .?Tano 

-fuEi c -6«X5ooa_.-H. . 4 *i»TQaa — e — uxjoflu- 

Fort «L i.unono 

F-utu - -*i ..i.uouQo -tc„9.aopxui 0 — «^(uia«- 

FuF(, Fc ?.onrjpu o s.oopon 


.?fc900 

.OADOO- 


CL 1 . 00000 - 


UT FRAFITON 


FNCROV 


StftTC 


.I 2 p)in 

-..^• 40 - 


• I 6 P 00 

. 4 B 4 BO- 


. 00*00 


il^OOO.OOO 

_ .000 

- " T O f e. o oo-- 

-19T100.000 


$ 

s 


ICPP 


OfUSlTt 


2 *a.is .0*00 

'<'*‘»r 

?9a.l« .097$ 

— .0704 
298.19 . 18*0 


0/f I 


.0000 


pfeccNf Fiifi:ioo.oono fouivatfoce oatio: i,8*77 PtactaNT ofosiTv: .oaat 


PC/P 

p. aiH 

. TjJUO Jl 

pHo, 8/ce 

H^.£ 8 L/£ - . 


CHRHBE P 

I .noon 


THPOal 


cut 


bl . 2*1 

UO£ 

b.2?|fl-l 

— 
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Case 4 Output (Cont'd) 


-Xta 

ff 02N2 

M 

.nuDoa — 

•nopo? 

•CS02S 







MCI 

HCN 

•1361H 
•0000 t 







HtO 

H? 

•ropo? 

•2S9Sn 







H^O 

N 

.1*176 

.POOOJ 

.noobi 

.nooni 







NM? 







*•6 

N? 

.POOS7 

■^9199 







0 

.noosi 

.P07S7 

.noon 

riuTi nriiiie or 







o: 

Of FLfMl 

MAwrn raa Tyo oMXsr c*lcul*tiom ikg OF h.ktube i 












c 

.nooon 

.00001) 







..Annoo 

.nnunn 







0 

.1 3577*00 

.lS577*nO 






M 

^00000 








«L 

.1S2G**00 

.2tR41*00 






ri 









Ft 

.nonon 

.200*1*00 




«OOITION«L PROOUtTS WHICH 

HtPC CONSIOEPCO PUT HHOSr MOLE FRACTIONS HrRF IFSS 

TH»N .5 

noon-ns for all assignco 

CONDITIONS 


A> 90 ^ 1 

Ai Hr3i<i ti 

c 

CCl 

rpi « 

C**3C1 

tN 

CNH 

CJl!!« 

FFC tU 

h^n2 

H20S' 

CNT 
1. N 

C2 C7H 

CLOJ fl*0 

C2M2 C2H* 

FETLSOSILI . FEC905 

C7N 

_ft£L31SJ_ 

C7N7 C70 

FULliLL EECL3 

C* 

fXlUXJ- 

ira?H (SI 
H702 

FE7CI* FF20JISI 

NCn NH 

FE.70*tSI 
NOC». 

HILO 
NO 7 

HNO 

NO. 3 

HNO? HNOS 

P7H5 Nifl— 

H07 

B2fllL 







NOn . HEIGHT 
POJUSTEO 
riFHEHTRl H* 

'rf*niON OF FUEt ... T0T»l FOCIS *110 OF 0XI04NT IH TOT*l 0«in»HIS 




SS VALUES «FTER Two ph«sf coprfction 



... - — — 


c 

0 - . . _.222MDO-Ol. . 
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Case 4 Output (Cont'd) 


IM(ORet!C«L ROCMCT PCRFORM^N^r •SSUMINq tOUt|.TSR|UM CONPOsItIAN OURlNfi EXPANSION FOR TMO PHASf ROC CtICUlATIONS 


ION C0N0FNS*TIS/IRM 6*^ 
PC r *no*0 PSi* 


onoTP : •Ron.nunu cal/o 

CHCHlfXl FORNMLX 

Fijtt t._ 0.894QU H^a^CSROfl 0 . 2 iaOfl N >24000. 

F|)FL r b.iscoo H 6.97000 0 I.ITqpa N .03000 

- f .u r .fc — , — . 4 t.-i..^oaou — — —■ — - 

FtlFL N 1.00000 H N. 00000 0 R.OOOOO Cl 1.00000 

fuu. CIJ. 00000-.- _0. .3x001100 


UJ-fJIACUON fUMftV 64AI6 — 

isce N01C| CAL/HOl 


,0|960 

,<6000 


•2RSno>noo 
rOOO- 


0 PN 6649 - 

OFC K 0/CC 

;0*fl® 

296.19 .INO* 

840. " I* — " .OO R fc. 


.1^9600 -70690.000 

..^coRoa — 4 . 0 .I < 00 . 000 — 


29R.I9 

-246.44- 


.pIpS 


..J/F4 .OOOO R f B CCAl I fUC6= l 0a.0000 S 0U |» A t twC t -i»6r2OS-.4>4447- 40A076U 7 0 6U«I44*^ ,0464 




VJ ' 


Pf/P 

P...ATN - 

T. 0E6 N 


H. GAL/6 


3 . CALfiOJlKI 


£BlBata_ IHS041 EJU.I E4tl CXU M4f 6«7 nAIT F«l» FlrfO -OoH- 

i.ooon 1.7920 1(1. noo 70.000 6P.000 60.000 1(10.00 aOo.oi) 1000.00 soon. 00 inoon.o socon.o 

bl.29i-. 24^114 4xJ24J 3.p42i .. 1.4410 U0207 >4124 .*826 TOH? ■.01*8 ->00*» .00*0 

2aSI 7S69 16|2 1692 I3j;l 12Ii6 1126 6I)B 707 S^g . eO. «72 

S-aXat-A 7.8646^6 7.pTRl.ii l.;(Rll-li 1 ■ 1 T1 4«4. 8. 8 1 76 -6 6.«4 7 6» g 6. 1 486-6 - 7 - 

22. P -126.9 -467. n -696.6 -767.0 -606.5 -960.1 -999.7 -1092.6 -1126.2 -1196.3 

2.46 Si* 2U14S9 7-aa69 ■> .4454 2^4444 »*«649 8-4444 2 .644 4 2«4444 8.4444 8-.4449 8.4464 


N.-BOl— ILL . 
IOLV/OLPIT 


20.J42 

-1.00360 '1.00256 -1.00036 
U043q. ... .<.0464 l.Jin7.1. 


-1.00005 -1 <00001 

i.noii ■ 1.0008 


1.00001 
I , .i«m 


■ 1.00001 

I . W IWI- 


,668—^8,644 
•1.00012 -1.00017 -1,021^^ -I.02TS0 -1.0133$ 

I. M 6 8 



JlillLfaiC 11045. 


At 
i 1 ri 

•raooi 

.nnscii 

•onooo 

•poonn 

•00000 

.nnnni 

•oonon 

-nnftftft __ 

• 0^0 

• n^r>no 

• O'^DOO 

.nonoe 
"«n«" 

.00000 

.oonon 

.boono 

ALCL2 

J4£4.3 

.n02'3 .00236 .00069 .OOOlo .00001 

.00000 .00000 
00806 UU406 

.onobo .nooon .oooPO .ooooo 

-.00606 .00404 U10414 .00684- 

•OOOOO 

ALO 

ALOCL 

.poooi 

r„ , .00120 

.00000 

.00102 

.(1(1000 

..00006 

.00000 

-..00004. 

.POOOfl .00000 

-aOufloa— -0000(4 

.nooop 

.0000(4. - 

»onO()o 

...OOOOO - 

.nunoo 
— .aoooo ■ 

.00000 

-.oonoo 

•oo'^or *00000 

«44a^46*6 nllftflft 

alom 

Alo2N 

•noo^n 

.nnniT 

«onon 

.nrm97 

• ronon 

.rnnni 

.00000 

.nonno 

.nnnrin 

•o^onn 

.nmmn 

♦ oonoo 

.nnnnn 

,0"000 
.xooono - 

.nonoo 

.onooo 

.oonon 

.OOpfio 

Al’O 

-CWK4— 

•POPOl 
- -aflflOOO 

•orono 
.ariUiu — 

• nuooo 
..noaoiL. 

.001' in 
. .00000 

.00000 
_ .00000 

.onooo 

.00000 

.nnnoo 

*00000 

•onooo 

.onooo 

T^noo 

-...OOOflO - 

. onooo 

..OOUflJ 

. aonpn 
.. .«00O06- 

•onooo 
- .00006 
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Case 4 Output (Cont'd) 


I 

os 


CO 

ro? 

r?wn 


ClI 

rr 


Uik 


ftCL? 


f E02H? 

Ff 

H 

MCL 

HC * 

HCO 


_ 

M>0 

WWI 

NO 

0 

OH 


— . 2 & 1 1 S — usjUkA . 2M 3 S . ? 2 s » i . an» > - . -a ioja — .oo» u r««-»ae- 

«0?0«? .02219 .P31<I2 .03829 .09817 .Q9S69 . 08729 .11708 .19088 .1861$ .203** .2l7«9 

.OQOOO , pMKn .nnnoo .oaonu .P OOOO .nnnnn -"npop .ftnnnn .oaooo ^0811 .0104.3 .0238«. 

.00299 .00119 .00009 .00001 .00000 j .00000 .00000 .00000 .nOOOP .00000 .nOPOO .00000 

. -.•flOCfil .00 00 0 .PQOflo .00000 .poonn . tinnnn .noonn .AnooQ — .aoDuD — ...00000 .ooooo — .nooco 

. 0000.9 •cron^ .ooooo .00000 .noonn ^onoon .poo.. ,c’'ono .oooon .onono .oooon .ooono 

.00001 .nVoQQ- .oooon .nnnir" -nnnnn .nnnnn .nnnitK .OTOOfl ■OOP.. -.00008 .00000 .00000 

.0013* .00199 .00198 .00198 .00198 tnn'** *00197 .00122 .0006$ .00009 .00..2 .00000 

—sPST-Ql lOCOfU .mtooo . noooo .oofloo . 00000 — .oaooo , — .n»» 0 flp — .«omo — . 00000 — .oonoo .itoo n o 

.nonon .onono .oonon . 0000 . .oonno .ooooo .noooo .onols .nonm .nna^> .onnrs .00079 

.-00*7* .000 11 .00002 .POn on .OnOp. .nnnnn .noftaft .00000. JuSoDQ .00000 ■«»«00 

.ISS99 .19S01 .19892 .19776 .19766 .1976$ .1976$ .19767 .la??? .19«98 .l$229 .1$8I9 

— tliOCOJ .onono .POOOO .ononn ."nnaT -nnnnn .nnnnn .nnnnn .nonno .0000. .oooon .nonoii 

.noooi .onooo .noooo .ooaon .nonap .onooo «nonoo .onono .noouo .ooano .oonon .oOono 

.t2*S15. .2*9$3 .3192_s__ ^al$6 .33 191 .1190$ .SSOSi. i.90085 .82.1LU. .llUSSu .8&S30 .88602. 

.16391 .16916 .1S816 .15197 .19162 ,|99|0 *1229$ .07273 .09902 *01990 *.1216 .ul28$ 

. nqpo? . .00002 .nflflfll .00001 ■ .Ofl flOl lanpol .tODOfll .nnB»3 .00008 .00016 .feni6 .00028. 

.nnoo6 .00002 .oonoo . 00.00 .nonoo .onoon .nooon .onono .noooo .onono .oonoo .onono 

-aitioa f.oaL^a tQjZtt.*! -dayzaa. .amia .^2202 — jum .Mzaa — . q$?ii -..iaj28 — .,0M9n . ..na88<, 

.00002 .00000 .nooon .ooooo .00000 *00000 .oonoo .pnooc .nooon .jnono .oonon .onooo 

*0011* .00090 .oooon .onfl.,ft .nooflii .. lOnoon . .Mono .nnnnn — .nanon .^> 0000 — .onnnn — .aooaa 


tPOlTiONtL_ PPOOUCTS WHICH MEet cnW9inFPgn BUT yMOSf MOI E FB6CtfftW< yFPF LFl* TH9II .$0000110$ fOR 6l 1 iSSIftMCO COMDUUMC 


4LC 

4LN 

4102 

C 

CCI. 

cet? 

CN20 

CN 

CNN 

CN2 

COS*. - - 

C2. 

C.H 

C2H2 

42N. 


C80 


r9N9 

FI F« 

CLO 

CIO? 

CL TO 

FFC 9 O 9 

FCCL3 

FfO 

HAlo 

NNO 

HN02 

HN01 

Mo’- . 

h2n2 

HgOT 

N 

NCO 

NM _ 

NM2 


NO? 

W03- 


n’o 

N209 

N20S 

02 







NOTE. UEIGiTi FP6CT10N OF 70^1 IN TOT«|, FUClS «nO OF 0XI06NT IN T0T6L 0KI08NTS 

NO TP^NSPOPT piT* «ePe founo fo* The spccifs n 

NO 7P6NSPOR7 08 T« WEPC FOUND FOP THE 32(017$ Cl 

NO TP6NSP0RI 0*T6 NCPE FOUNO FOP THE SPECIFS FE 

NO TP4NSPOPf~^o7f6" MERE FOUND FOP THE SpTcIFS 41 CL 


NO TP4N$P0RT 0474 WERE FOUNO FOR THE $RECIFS 4LCL2 
NO TR 4 NSFORT 0474 MERC FoUnD FOR fHE SPEcTfs FFC12 


NO TRAMSnORl 0»lt VERE FOUNO FOR TnE SPCCIFS 41CL3 
NO TR4NSP0P 7 04 74 HERE FOUND F *C SPECIFS 4 LOCL 


NO transport 0474 WERE FOUNO F09 


- SPECIFS 410?K 
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Case 4 Output (Cont'd) 


THF0BETIC8I BOCKf I PfBfOBHiMrf 666IIWTW8 tOOTEM CflMBftStUflM 0UBIM6 tXBAMSIOM — 

Arfr^ a/iTiiT t — 

PC = 

9*JO*0 P$I* 








QnOTP : 

-4 f*>r^.nnnn r*i /ft 









CMENir*! FooniiL* 




MI FBXrTTON 

rNtRriv staT^ 

JfP>P 

M _ . 


fuel 

Fort 

C 6. 88.ru H 10. 18900 

r 6.1600U H 6.970^.^ 

0 .27800 

_0 1.I7OOO 

N 

N 

.26900 

.03000 


017000.000 S 

_z2tu>iuaon. 6 

298.15 
226 ^5_ 

.O9OO 
. .a«iu. 

FUEL 
£UQ, 

XL i..:noro 

«l l.OOCnn H 9.00000 

0 9.00000 


1 .00000 

•16000 

. 706911. 1 


• 0975 

> A? Aft 

fuel 

FC 2.UOCO0 0 3.00000 




.009(,o 

-l97j00.000 6 

298.15 

.1860 


0/F: .0000 PERCENT FUfl= 

100.0000 tOllIVXLENCE BXTtO 

: 1.6977 REXCTXNT DEN6ITV: 

.0666 



p^/p _ 

f . ore__N 

PHO.'s/CC' 

iU-tilXS 

S. C*|_/l6llHl 


9, NOL NT 
CP. CXLyieXMl 

^0*767 

20.899 
.F752 

20.978 

.9629 

70.978 

.9266 

20.978 
.918JU. 

20.978 

.9070 

20.978 

^1977 

20.978 

.9716 

20.978 

.16»9 

?0.978 

20.978 

20,978 
.INA. 

68HNX |S| 

(ON uCL.N/SEC 

1.U23 
1181. 9 

1.232* 

1121.9 

999.9 

1.7SSS 
A97 .9 

1.2969 

A 19 . n 

1*^093 

99A.n 

1*3126 

7AA. f 

1.3921 

1*3S26 

A7A.|) 

I . 369? 

I. 399 S 

1.3636 

NXCH NUMBER 

.000 

1.000 

2.160 

2.539 

2.938 

3.176 

3.981 

9.636 

5.063 

6.951 

7,152 

9.058 

XE/XT 

CSTXR. FT/Str 


l.nooij 

2.1699 
. 6361 

3.3670 

6161 

5.360? 
5 361 

T.0815 

6161 

10.101 

5161 

31.926 

51.393 

5161 

161.59 

il61 

•S9.78 

5»61 

P35.I6 

OF 

IXXC.LB-SEC/lb 


.688 

207.6 

1.26s 

216^6 

1.195 

260.6 

1.500 

272.1 

1.S5I 

9TA.n 

1.606 

1*736 

790.7 

t.779 

ino.i 

1.891 

112.2 

1.86? 

916.6 

1.896 

116.7 

ISP, LB'6eC/LB 


119.6 

210.6 

232.5 

299.9 

258.9 

267,7 

2»9.2 

795.8 

30^.8 

310.2 

516.9 


NOLE^ f r«ction& 


XL 

•OOOOO 

XLCL 

.00009 

XeCl? .00099 


XLCL3 

.00736 

7L0 

."0000 

XLOCL 

.nnooft 

8 L11H . 6.7Q0DD 


3UL2U— 

•nonn i 

*l?0 

.onono 

CH3CL 

.00000 

CO .29603 


CO? 

.03192 

CiH* 

• ’'OOIIO 

CL 

.O00U9 

_£t7 _ .niiooo. 


.. f_e 

.00000 

FFCL 

.00000 

FEfL? 

.<10198 

FF02H2 .OOOOo 


FE7CL9 

.OUOOO 

H 

."unii 

HCL 

.19892 

HCH - OOOOO 


MCO 

.nnonn 


.31*25 

H20 

.15616 

NH3 .00001 


NO 

•Qonoo 

Ny 

.09209 

0 

.00000 

OH .00001] 




xnniTioniXL 

PPOnyCU WHICH 

WERE CONSlOE RED BUT WHO 6 f 

ROIJ . FRXCI IJONJ were ,tf 5X TlUxN 

.5.000?-C5 EoB. 

* li_a stifiwEO cowmiatts 

XLC 

XLM 

•lo' 

C 

CCI CCL7 

CH70 

CHJOL 

CN CNN 

-tfl 

CQCL ... 

C2 

C2M . 

X2H2 . C2H9 . 

C2N 

. C7N2 . 

CaO OJ 


CHtHRCR THPO«T rxiT exit EXIT EXIT EVU rXIT tXIT EXly E|IT EXIT 

1*2110 in.no o ? 0.000 Rn. ooo fcP.non | ni>.nn sUDtOO— UUU)*.QO ^nnn. nn innnn.n 

3.067I I.Slin 1.<*20T .612* .1226 .0612 .0122 .0061 .0012 

, 25A1___JJI12 L5A1 t3S1 .. 1133 LCU US SAS sflJ i*a. AJJ. 

6.63«1>3 3,3I««-3 «.||693>« 6.946S-4 2.S9I3-6 2.X16S-9 1.J1322-9 6. {608-6 2.S»I9-6 T. 8136-6 «|^T19N-6 1.*eT9.6 

. 22.0 -128.9 -687.0 -996 . ■ -(..9..C -795..1 -801.8 ff .lfl Sa U -1 08 3.8 rIU X J 

2.6669 2.6669 2.6669 2.6664 2.6659 2.6669 2.6669 2.6659 2.6669 2.6669 2.6669 2.6669 
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Case 4 Output (Concluded) 


. 


pC-i -Snu-p psia - 


aoaiP- j .runo—Uk/c- 


£H(.PlC*L.taPnUL« . — 

Fufi r (,.(<pii''o H ic.nR 90 n o .?T8P0 

fuCi c t>.iSGCu_ H„ a.Mmo — o — — 

nifL *i i.LOono 

fuF» M I .oaooo H iL^nsPoa o R.nnoati — 

fu»-l Ft r.uaono o s.noron 



£4 t-oonon 


wT FPAriinN ritrBPr st«Tt Tr«p 

-<«t JROTFI OFF. « 

.i 2 "<»n .-I’OPO.Tno s 

,niahn — >3«4>>a.<)no s -- 

.16000 . .OPJ S 298.1*; 

>4^6 «a.WO S 494 

.no«on -i97s„o.oon ^ 29R.J*' 


or^^iTY 
- 6/ft 
,n900 
.0606 
."9T5 


.teso 


.anon PFBCENT FUCLilOO.nnon rOU{V«|^F^,Cr P»TI 0 r 1.6977 PF4CY*NT UfNSITyr .F666 


p* 

I 

oi 

00 


rmuPFP THP061 E»1T f*lt EXIT fxIT FXH EXIT E*” *‘x'1 

PCM" l^oroa 1-7 *« q ip.nnn ? ti.nnn ua.OOO -60»000 t00«00_6aO*«B lOOO.OO- -6O0B,0a-~ leaoo.n -SOOOk.e 

p. *TH bt.291 89.616 6.1291 1.0621 I.SSIO 1.0207 .6129 .127S .061? .0|?2 .uOrI .001/ 

7»PC6 6_-. 39i,6 -„3l^Q 2S6S 20^ 12^ 160% WIJS. 97,9 449 692 »6|> - -?»*> 

OMO, G/fC 9. 9273-1 2.7921-J 6.S6J0-9 1.800S-9 2.2087-9 |.8||09'9 1.09*7-9 J.1790** 1.9969-5 5. ,7179-6 3^9'56-6 l."71J-6 

M. r»l/G 972. n J39.9 ■■-419,6 366.3 . 99>>^a . .»9fc,«0 -6»A.I •6 K .6 -«JU« -9 7 6-6 - - 1 »<1 P. ? -M66-4' 
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Case 5: Bquilibrium/Prozen Two-Phase Case Including Ions, 

Total Enthalpy and Entropy Variations 
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Case 5 Output 
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Case 5 Output (Concluded) 
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4.4.1 TRAN72 Sample Case 1 

This particular case produces an equilibrium output tape for a 
hydrogen/oxygen propellant system such as is used for the Space Shuttle Main 
Engine. Two equilibrium tables are created for output to a tape or file for 
use by the RAMP2F program. Each table corresponds to an 0/F ratio of 6.113. 
One table has a total pressure of 2950 psia while the other has a chamber 
pressure of 30.0 psia. 

4.4.2 TRAN72 Sample Case 2 

Sample Case 2 produces data for the Spa^i '^t ittle Reaction Control 
System engine. The propellants are MMB/N,0^. liable 0/F tables 
ranging from 0.8 to 2.2 are produced with r . f^ee^e point in each table at a 
pressure ratio of 3.35. Two total pressure tables for each 0/F are 
generated . 

4.4.3 TRAN72 Sample Case 3 

This sample case demonstrates the use of the TRAN72 program to produce 
thecmochemical data for a single phase case which Includes boundary layer 
effects for a plume restart. The data for sample case 3 is for the Space 
Shuttle vernier motor which is a motor which uses MMli/S20^ as a pro- 
pellant system. The constant 0/F option is used with nine different total 
enthalpy cables input to simulate the heat transfer losses through the 
boundary layer. A freeze pressure corresponding to a pressure ratio of 2 is 
selected for each cable. 

4.4.4 TRAN72 Sample Case 4 

Sample Case 4 produces data for a equilibrium/f *ozen two-phase motor. 
The flow is frozen at a pressure ratio of 10. Five different total enthalpy 
table? are considered to account for heat transfer and drag effects between 
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the particles and gas. The range of QOOTPs (total enthalpy losses) was 
selected for an inviscid two-phase solitlon that does not consider boundary 
layer effects. This particular propellant system (Space Shuttle solid 
rocket motor) would result in more than 100 species for the equilibrium 
calculations. The OMIT cards are used to delete the minor species so that 
the TRAN72 program limitation of 100 species is not exceeded. 

4.4.5 TRAN72 Sample Case 5 

Sample case 5 is identical to sample case 4 except that the IONS 
options is selected in addition to more OMIT cards. The IONS option is 
selected when the user is interested in electron and ion levels in the 
nozzle and plume. This option would be used if the application of the plume 
were for radar cross sections or plume/electromagnetic pulse (EMP) coupling 
calculations. The data for this case has a freeze point at a pressure ratio 
of 10. Electron and Ion concentrations are very strongly affected by finite 
rate effects for most motors. The ionic chemistry diverges from equilibrium 
not far from the throat so that if accurate estimates of electron concentra- 
tions are required a knowledge of an appropriate freeze point or an a finite 
rate calcultion would be necessary. 

4.4.6 TRAN72 Sample Case 6 

Monopropellant (hydrazine) thrusters are used by many satellites. The 
thermochemical characteristics of the exhaust gases are strongly affected by 
the percentage ammonia dissociation for the particular propulsion system. 

If hydrazine were input to the TRAN72 by itself then the percent of ammonia 
dissociation probably would not be correct. A model of the hydrazine 
partially dissociated ammonia combustion has been developed. This model 
uses data published in Ref. 20. Figure 4-1 shows chamber temperature and 
molecular weight as a function of percent ammonia dissociation. Figure 4-2 
presents the post-conbustlon mole fractions of H 2 , N 2 and NH^ as a 
function of percent ammonia dissociation. In addition to chamber pressure 
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Fig. 4-1 Temperature and Molecular Weight versus Amraonia 
Olssociation-Anhydrous Hydrazine 



Fig. 4-2 Gas composition versus Ammonia-Anhydrous Hydrazine 
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one of the operaf^r* er.aiacteristics of each hydrazine motor is the specifi- 
cation of the pe*'cent tramonla dissociation. The first step in applying the 
hydrazine model xs to determine the chamber temperature, species mole frac- 
tions (K 2 »N 2 ,NH^) using Figs. 4-1, 4-2 and the known percent ammonia 
dissociation. A species named UA is included on the thermodynamic data tape 
for the TRAN72/RAMP2 programs. The thermodynamic properties for UA (unre- 
acting ammonia) are the same as ammonia (NU^). By specifying the ammonia 
as UA the thermochemical characteristics of ammonia are considered for the 
propellant system while the ammonia is not allowed to dissociate further 
since the TRAN72 will carry UA as an inert. The reactants cards are pre- 
pared for N 2 , H 2 and UA by inputting Che mole fractions for each on the 
reactant's cards. The option whereby Che program calculates the enthalpies 
of the reactants is used. Columns 37 and 38 are set to 0, Che enthalpies 
are set to 0.0 and the combusiton chamber temperature (from Fig. 4-1) is 
input for each of the three reactants. The combustion chamber temperature 
must be input in degrees Kelvin so that the chamber temperature specified on 
Fig. 4-1 must be converted from degrees Fahrenheit to degrees Kelvin. The 
only ocher special input requirement is to set FPCT=T and MIX=100 on the 
$INPT2 namelist. The remaining input is the same as any standard case. The 
hydrazine decomposition products (N 2 , H 2 and UA) are essentially frozen 
during the expansion so that the freeze option can be uied with the freeze 
point set to either the chamber (NFZ=1) or throat (NFZ=2) stations. The 
data for this particular case produce tables for a nozzle and plume solution 
which does not include boundary layer effects. The data could be changed to 
include these effects if PARTHT was set to TRUE and QDOTPs were specified 
along with how many gOOT Cables (NQI). 
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5. APPLICATION AND USE OF THE BLIMP J MODULE 

As has been previously mentioned, the BLIMPJ module is used to generate 
a nozzle boundary layer solution which can be used by a RAMP2F restart at 
the exit plane to generate a viscous plume. Preparation of the input data 
for the BLIMPJ program is perfcrmed by the RAMP2F nozzle solution calcula- 
tion, and is stored on FORTRAN unit 1. The option in the nozzle run which 
enables the BLIMPJ data generation routine is IBL (Col. 34, Card 5). 

Section 5.1 discusses the BLIMPJ input variables which the ujer has control 
over. Section 5.2 discusses special considerations for using the BLIMPJ 
module as well as possible problems and suggested fixes. 

5.1 USER OPTIONS FOR BLIMPJ MODULE 

The input for the BLIMPJ module is generated by the RAMP2F nozzle 
solution. The user has three options in determining how the nozzle boundary 
layer solution will be performed. The user may specify type of boundary 
layer (turbulent or laminar), the chemistry assumption (equilibrium or 
frozen) and finally the wall boundary condition (specified wall temperature, 
adiabatic wall or wall steady state energy balance). The selection and use 
of these options are input on cards 41-44 for RAMP2F. 

Through the use of KR7 (Card 41) the user may select whether the 
boundary la>er is laminar or turbulent (.'ollowlng transition at a momentum 
Reynolds number of 250). KR7 also controls whether the chemistry is frozen 
or in equilibrium. The default values for the chemistry and type of 
boundary layer as a function of nozzle chemistry are given in Table 5-1. 
These default assumptions were chosen such that for most cases the proper- 
ties at the boundary layer edge and the inviscid flowfield at the exit plane 
match very well. 
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Table 5-1 

BLIMI'J BOUNDARY LAYER CHEMISTRY/TURBULKNCK DEFAULT 
USERS NOZZLE CHEMISTRY ASSUMPTION 


Nozzle Chemistry Assumption 

Default for BLIMFJ 

Equllibrlum/Frozen (ICON(l)=2) 

Turbulent after transition. Frozen 
chemistry if the freeze pressure is 
greater than 70 percent of the lip 
pressure. The species distribution 
used are lip species. If the freeze 
pressure is less than 70 percent of 
the lip pressure or if the chemistry 
is equilibrium then equilibrium 
chemistry is used with the species in 
the combustion chamber being used to 
start solution. 

Equilibrium (ICON(l)=2) 

Thrbulent after transition, equi- 
librium (combusion chamber species) 

Gas Data from Cards (IC0N(1)°1) 

Thrbulent after transition, frozen 
chemistry with species input by user 
via cards 41 of RAMP2F 

Finite Rate (IC0N(1)=3) or Frozen 
(IC0N(1)=4) 

lYirbulent after transition, frozen 
chemistry using lip species 
distribution 
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The nozzle wall boundary condition is specified through the use of 
variable KR9 on card 41. The user can select the following; adiabatic 
wall, specified wall temperature or wall steady state energy balance. The 
default value in the program is the adiabatic wall option. In general the 
use of the adiabatic wall option will result in conservatively high esti- 
mates of nozzle exhaust mass flows in the backflow region of the plume. For 
cases where the user has access to experimental wall temperature distribu- 
tions along the nozzle wall, the actual temperature distribution can be 
specified. The steady state energy balance option can be used for solid 
rocket motor cases. Built Into the program is a typical wall material heat 
of formation for carbon/phenolic nozzle material. Future effort will in- 
clude utilizing some of the other wall boundary conditions in the BLIMPJ 
code, so that such phenomena as nozzle wall ablation can be considered. 

5.2 SPECIAL CONSIDERATIONS ON USING BLDIPJ MODULE 


The BLIMPJ module is a very reliable program and the data that have 
generated by the RAMP2F nozzle solution have been structured to provide 
trouble* Jree execution of the BLIMPJ module. To date, only three areas have 
resulted in problems with the boundary layer solution. These are: (1) 

mismatch in properties between the boundary layer edge properties and the 
inviscid nozzle results when the boundary layer and exit plane startline are 
merged; (2) the boundary layer solution will not converge at the first solu- 
tion station; and (3) for certain cases the program cannot reach a solution 
at a specified pressure on the nozzle wall. 

The default chenistry option and total conditions which are used for 
the nozzle boundary layer solution are selected to provide the best match of 
Inviscld/boundary layer edge properties. There are instances when an ade- 
quate match does not occur. The pressure distribution and resultant flow 
properties which are used as boundary layer edge properties are those which 
exist on the inviscid nozzle wall. In the uncoupled sense the actual 
boundary layer edge properties are actually somewhat displaced from the 
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nozzle wall. As the boundary layer gets thicker, the actual edge properties 
differ from nozzle wall conditions. Built into the BLIMPJ program is an 
option which reruns the boundary layer solution using more appropriate edge 
conditions for certain cases. After the initial boundary layer solution is 
complete the BLIMPJ code checks to see if the nozzle wall static pressure is 
within 10 percent of the static pressure that exists at the edge of the 
boundary layer at the exit plane on the inviscld start line. If the match 
is satisfactory then the solution is terminated. However, if the match is 
not adequate the new edge properties (pressure) are determined based on the 
initial boundary layer edge location within the nozzle flow field and 
another boundary layer solution is performed. For gas only cases the same 
total conditions are used for the second solution. For two phase cases new 
total conditions (total enthalpy and total pressure) are calculated at the 
boundary layer edge. This is done due to the large entropy and total 
enthalpy gradients which can exist near the nozzle lip for solid motors. 

Variable 0/F nozzles in general have large 0/F gradients near the 
nozzle wall due to film cooling. In the present version of the RAMP2 
program no provisions have been made to change total conditions (0/F ratio, 
species, total enthalpy) for the second pass through the boundary layer. 

This deficiency will be corrected in the near future. It is possible to 
hardwire changes to the BLIMPJ program for these type cases. Until the 
deficiency is corrected users that require the inclusion of variable 0/F 
effects in the bouniary layer to better match the edge conditions should 
contact the author for guidance. 

There is an option (NUNIPP, Card 41) to punch the BLIMPJ data on cards. 
The BLIMPJ data can then be modified and along with the flowfield data tape 
(tape 3), and tape 2 the BLIMPJ code can be run alone to alter clie boundary 
layer solution to better match the boundary layer edge with the Inviscld 
results. For 95 percent of the cases no special treatments are necessary to 
adequately match the boundary layer and inviscld results. 
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The selection of the solution stations for the nozzle boundary layer 
solution has been automated within the RAMP2F code to provide for a reliable 
and trouble-free execution of the BLIMPJ code. Subroutine WALPRP of the 
RAMP2F code (see Volume II, page 5-175) controls the selection of the 
solution station. To date, none of the cases that have been run have en- 
countered problems In reaching a solution for the first station. However, 

If a particular case does not converge for the first solution station, 
subroutine WALPRP can be modified to change the distribution of solution 
stations or XSTART On Card 41 can be Increased or decreased until a solution 
is obtained. Unless the nozzle being calculated is a very peculiar nozzle 
It is highly unlikely that this problem will be encountered. 

A high area ratio two-phase case has encountered problems In performing 
the one-dlmenslonal expansion from Input total conditions to the pressure 
ratios at the solution stations Input to the BLIMPJ code. Symptoms of this 
problem is either the error message 'STATE DOES NOT CONVERGE FOR KQ(5)=' or 
the summary of flow properties at the input pressure ratios shows oscilla- 
tions In temperature at temperat'.res near 1000 K. This problem has been 
traced to mismatches In the thermodynamic curve fits for the two temperature 
ranges for which the thermo data for each species is curve fit. Should this 
problem occur, the user can set L=2 in BLIMPJ routines B14D, B14C, B14E. 

This problem will be corrected In the next version of the RAMP2F code. 

Small, low thrust nozzles can have a boundary layers that comprisr> a 
large percentage of the mass flow of the nozzle at the exit plane. For 
these cases there can be a strong coupling between the boundary layer and 
the invlscid flow field. To account for this it is possible to iteratively 
solve for the boundary layer and flow field by using the boundary layer 
displacement thickness to alter the nozzle contour. To date this has not 
been incorporated Into the RAMP2 codes but it will be included In tiie next 
version of the code. 


5-5 


LOCKHEED-HUNTSVILLE RESEARCH & ENGINEERING CENTER 



LMSC-HREC TR D867400-1II 


6. RAMP2F INPUT/OUTPUT INSTRUCTIONS 

This section outlines in detail the input to the RAMP2F flowfield code. 
The first subsection presents a card-by-card description of the input data. 
Section 6.2 presents a description of the printed output. 

6.1 RAMP2F PROGRAM INPUT INFORMATION 


This section presents a card-by-card description of the input data. 
These data are in general input in groups (i.e., control cards, boundary 
equations, gas thermodynamics, particle information, etc.). As the user 
utilizes the input guide each variable Is explained, and the use of the 
various cards •■’ith given control variable options is explained. By 
referring to the sample cases of Section 8 the use and interaction of the 
various groups of cards for each type of problem will become clearer. 


6-1 


LOCKHEED-HUNTSVILLE RESEARCH & ENGINEERING CENTER 



LMSC-HREr tr D867400-III 


CARD 1 


Overall Run Control Card 


Format: 1615 


Column Parameter Value 


Description 


5 ITRCE 0 Ai.1 input data are coming fro- 

cards except as noted for 
ICON(l) and IC0N(2). Input 
cards will be written on unit 
13 for future use. 


10 


I START 


1 RAMP code has already been 

executed for a nozzle, and all 
input data froui nozzle run Is 
on unit 13. Nozzle boundary 
layer has been completed, t^nd 
the coi’e will generate an exit 
plane start line which in- 
cludes boundary layer and par- 
ticles in the boundary layer 
(if present). All other data 
files (units 2,3,4,8,10,12,13) 
which were generated during 
the nozzle run must also have 
been saved and are used as 
input . 

0 Do not generate an exit plane 
start line that includes the 
boundary layer. Inviscld 
exit plane start lines are 
controlled by Card 5. 

ISTART > 0 Implies that a 
nozzle boundary layer solu- 
tion will be generated 
following a nozzle solution 
or has already been gener?!- 
if a plume restart at the 
exit plane is to be performed. 

1 Punch a viscous exit plane 
(or at any other boundary 
point based on IC0N(6)) SPF 
startline. 


2 Generate a viscous normal 

start line at exit (stream- 
line normal solution only) 
and restart plume solution at 
exit. 
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CARD 


CARDS 


CARD 


(Cont'd) 

Column 

10 

15 


Parameter 
I START 


1. 1 STL 
{ ' ’e Sec - 
-.5) 


Value 


3 


0 


1 


2 


2-4 Problem Description 

Column Parameter 

1-240 HEADER 


Run Control Card 


Column Parameter Value 


5 ICON(l) 1 

Caseous thermo- 
dynamic data con- 
trol parameter 

2 


O'- script ion 

Same as 2 plus punch a 
viscous SPF start line (see 
ISTART*!). 

Do not punch any viscous exit 
plane startlines. 


Print exit plane MOC ideal 
gas viscous start line (see 
Sec. 7.3) and ideal gas 
viscous exit plane normal 
start line (if ISTART=2 or 3). 

Print and punch ideal gas 
exit plane MOC and normal 
startline. 

Format: 3(20A4) 

Description 

Problem description may be 
put on three cards: however 
only the first 120 columns 
will be printed while all 240 
characters will be written on 
the data tape. All three 
cards must be present even if 
blank. 

Format: 1615 
Description 

The gas composition is either 
chemically frozen and/or in 
chemical equilibrium. The gas 
properties are read directly 
from cards 10, 11, 12, and 13. 

Same as IC0N(1)>1 except gas 
properties are read directly 
from a data tape mounted on 
FORTRAN unit 10 (from TRAN72). 


c. -a- 
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CARD 3 (Coat'd) 

Co loan Paraaieter 

5 ICON(l) 


Value 

3 


4 


8-9 NTAPE N 


10 IC0N(2) 0 

Start line 
control paraa- 
eter for gas 1 

only solution 

2 


3 

4 


5 


Description 


Hie gas coaposltion is in 
cheaical non-equilibrlua. 

The gas properties are deter- 
ained as a function of tea- 
perature in tberaodynaaic 
data tables input on card 15. 

Saae as IC0N(l)s3 except gas 
coaposltion is chemically 
frozen. 

If IC0N(2)-2, tape unit 
nuaber for start line if not 
input froa cards. The pro- 
graa defaults to unit 5 (read 
cards) for ICOK(2)»2. If 
I(X)N(2)»2 and a two-phase 
transonic solution is being 
perforaed NTAPE is the unit 
on which the transonic start 
line will be written. In 
this case the prograa 
defaults to unit 8. 

Generate straight start line 
with Hach nuaber given. 

Generate source startline with 
A/ A* given. 

Startline input from cards or 
tape. 

Not presently used. 

Generate constant 0/F gaseous 
startline using gaseous 
transonic module. This 
option requires cards 
20c, d,e; ICON(2)=4 for 
constant 0/F cases only. 

Generate gaseous start line 
using gaseous transonic 
module for variable 0/F 
nozzle. This option requires 
cards 20c, d,e. 
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CARD 5 (Coot'd) 

Coluan Paraaeter Value 

10 Startline control C 

paraaeter for gas- 
particle solution 

2 

13 I00N(3) (IFUD) 0 

Controls spacing 
of points on gas 
startline setup 
by prograa (1-D 
only) 

1 


14-15 I00N(3) N 


16-20 IC0N(4) M 

Upper Boundary 
specification 
indicator 


Description 

Generate startline using tran- 
sonic approxiaation. 

Start line input froa cards. 

Points are evenly spaced. 

This option should be used 
except for special cases 


Points are spaced according to 
a sine distribution. 

guaber of startline points 
(100 aaxiaua).** For gas 
only transonic cases the 
aaxiaua nuaber is 15 points. 

Nub be r of upper boundary equa- 
tions if specifying upper 
boundary with equations. (100 
aaxiaua, right adjust). 


Option for IC0N(4) when upper boundary is described by individual points and 
s lopes 


IOON(4) INOOO Nuaber of discrete points (no boundary equation 

following last point) 

2N000 + Nuaber of discrete points 1 (an upper boundary 
equation follows last point) 


N nuaber of points to use for Lagrangian integration (5 aax). 


If N is set to zero, a linear assuaption will be made. 


NOTE: If a nozzle is being run the throat aust also be specified by 

discrete points. 

mi 

If particles are present and supersonic start line is generated by 
transonic approxlaation then total nuaber of points on start line 
aay be adjusted by transonic prograa depending on particle 
distributions. 
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CARD S (Coat'd) 




Coluon 

Parameter 

Value 

Description 

21-25 

IC0N(5) 

Nmber of lower 
boundary equations 

M 

Lower boundary specification 
indicator. Saoe description 
and options as 1C0N(4). 

27-28 

IC0N(6) (IFD) 

N 

N is the boundary equation 


amber at which the SKIPPY 
start line Is to be punched. 
The code uses the XMAX (see 
card 8) for this boundary 
equation as the station to 
punch. This is noraally the 
lip equation. 

29 IC0N(6)(IUNIT) 0 Punch SPF start line 

1 Output SPF start line on 

unit 12. 

30 I(X)N(6)(ISKPY) 0 Do not generate SPF start line 

1 Cheaical systea 1 SPF start 
line (see Table 6-1) 

2 Cheaical systea 2 SPF start 
line (see Table 6-1) 

3 Oieaical systea 3 SPF start 
line (see Table 6-1) 

4 Cheaical systea 4 SPF start 
line (see Table 6-1) 

5 Cheaical systea 3 SPF start 
line (see Table 6-1) 

6 Cheaical systea 6 SPF start 
line (see Table 6-1) 

7 Input cheaical system via card 

8 Ideal gas SPF start line 

33 ICAPTR 0 Streaaline-noraal solution 

1 Shock capturing numerical 

operator (Use only for 
nozzles) 
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Table 6-1 

SPF CHEMICAL SYSTEMS 


System 1 — Hydrogen/Oxygen ! 

H.H^.H^O.N^.O.OH.O^ ! 

I 

1 

System 2 — Carbon/ Hydrogen/Oxygen I 

CO.CO^.H.H^.H^O.N^.O.CH.O^ 1 

System 3 — Carbon/ Kydrogen/Oxygen/ChlorLne ! 

AI^OjCS). CO, CO^. Cf, Cf^. H, H^O, HCI. N^. O, OH. O^ i 

I 

System 4 — Carbon/Hydrogen/Oxygen/Chlorine/Fluorine | 

CO. CO^. Cf, Cl^. F. F^. H, H^. H^O. HCI. HF, N^. O. OH, O^ j 

.1 

System 5 — Hydrogen/Oxygen/Boron 

BO, BO^. B^Oj, H, H^O, HBO^, O. OH, O^ i 

i 

System 6 — Hydrogen/Oxygen/Boron/ ChlorLne/Fluorine 

BF. BF^. BFj, BO, BOCf, BOF. BO^. B^Oj, CO, CO^, Cf, Cf^ j 
F, F^, H, H^. H^O. HBO^, HCf. HF. N^, O, OH, O^ j 
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CAKO (r.«»iu*d) 

C<) I UBii Parawcter 

34 IBL 

1 


Value 

0 


35 ICON(7) 0 

1 

38 ICON(8)(mOZ) 0 


1 


2 


39 ICON(8) 0 

Data output con- 
trol, used in con- 1 
junction with 
IC0N(16) 

40 IC0N(8) 1 


2 


3 


Description 

Do not generate data for 
boundary layer calculation. 

Generate data for boundary 
layer calculation and store 
on unit 1. 

Two-dioiensional flow problea 
geooetry. 

Axisyonetric flow problen 
geometry. 

Perfona calcuaCions until 
problen Units specified by 
card 22 are reached. 

Terminate solution when 
discontinuity in upper 
boundary equations are 
reached, i.e., lip is reached. 

Boundary layer is to be 
generated for plume restart 
at exit plane. Terminate 
nozzle solution at expansion 
corner (lip). This must be 
set if boundary layer is to 
be generated. 

Full printout, print every 

point on normal 

Print only boundary, shock, 

input, Prandtl-Meyer , and 

particle limiting streamline 

points. 

Print 1 line (R,X,M,9,S and 
shock angle) 

Print above plus Mach ang7e, 

P. P, T, V 

Print all of above plus MKT, 

Y, TO*, PO*, S*. 
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CARD 5 (Cont’d) 

Coluan Paraaeter Value 

43 IC0N(9) 0 

Units indicator 

1 


Description 

Use English system of units. 

Use metric system of units. 

This option controls the 
units in which the flow Field 
is calculated. The program 
assumes that the boundary 
equations are input in the 
same units as the units 
indicator (IC0N(9)). This 
option will not override the 
units specifiation on cards 
10 and 32 but will convert 
the units of the gas and 
particle thermodynamics to 
correspond to the units of 
this indicator. 


44-45 ISPECS Number of discrete particle 

sizes used to represent 
particle distribution (10 
max). If gaseous only flow 
set equal to 0. 

48-50 ICON(IO) Maximum iterations allowable 

for each point in flow field. 
If set to 0 program assumes 
value of 100. 


51-55 

ICON(ll) 


60 

IC0N(12) 


61 

IC0K(13) 

0 


1 

65 IC0N(13) 0 


Case number printed at top of 
each page. 

Not presently used. 

Flowfield data will be output 
on FORTRAN unit 3. Must be 
set if generating boundary 
layer. 

Data will not be written on 
tape. 

Free molecular calcultions 
will not be considered. 
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CARD 5 (Cont'd) 

Column l*n rameter 

65 IC0N(13) 


Value 


1 


2 


68-70 IC0N(14) 0 

N 

71-75 IC0N(15) 0 

M 


76 IC0N(16) (IPCH) 0 

1 

77-78 IC0N(16) (lOUT) 0 

N 


Descript ion 

Free molecular calculations 
In all portions of flow field 
(including nozzle). 

Free molecular calculations 
will be considered in plume 
only following restart at 
exit plane with viscous 
starting line. 

NOTE: IC0N(13) > 0 requires 

additional input from Card 24. 

No intermediate printout in 
solution iteration. 

Print intermediate results 
for line. 

No intermediate printout. 

Print Intermediate results 
from point on each line 
from the N^^ (IC0N(14)) 
line on. Right adjust. 

Note: The use of IC0N(14) 

and IC0N(15) result in 
massive printout. This 
option is generally used only 
to debug program changes that 
result in errors. 

No punched cards output. 

Punch data line at nozzle 
exit. 

Print every line. 

Print every N^^ line (use 
with IC0N(8)). 


6-10 


LOCKHEED-HUNTSVILLE RESEARCH & ENGINEERING CENTER 


LMSC-HREC TR D867400-IIT 


CARD 5 (Cont'd) 




Column 

Parameter 

Value 

Description 

79-80 

IC0N(16) 


Time (SEC) before end of 


allotted run time when new 
startline Is to be punched. 
Put 0 in column 79 if time 
less than 10 sec. The use of 
this option required the use 
of a system routine to 
monitor the CPU clock time. 


CARD 6 

Finite Rate 
Run Control 
(Required if 

Chemistry* 

Card 

IC0N(1)>2) 

Format: 815 

Column 

Parameter 

Value 

Description 

1-5 

NT 


Number of temperature 
points in thermodynamic 
data tables. 

6-10 

NS 


Number of gaseous species 
(excluding 3rd bodies) 

11-15 

NM 


Number of 3rd bodies. 

16-20 

NR 


Number of reactions 
specified. 

25 

NPRINT 

0 

No intermediate printout in 
chemistry calculations. 



1 

Echo print of input data. 



2 

Print intermediate results of 
chemistry calculations. 

30 

ICTAPE 

0 

Species concentrations for 


start line read directly from 
cards. 


1 Species concentrations read 

directly from a TRAN72 data 
tape mounted on FORTRAN unit 
10 . 


ic 

A detailed description of the Finite Rate chemistry input requirements can 
be found in Section 7. 1.2. 3. 
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CARO 


CARO 


CARD 


6 (Cont'd) 




Column 

Parameter 

Value 

Description 

35 

KGUP 


Number of normals calculated 
before finite rate chemistry 
contributes to dS and dH. 

40 

lOIDO 

0 

Uniform species concentra- 
tions along start line. 



1 

Non-uniform species concen- 
trations along start line. 

7 

Nozzle Throat 

Radius Format: 

2E10.4 

Column 

Parameter 

Value 

Description 

1-10 

RSTAR 


Nozzle throat radius (ft or 
depending on IC0N(9)). If 
running a plume only, RSTAR 
can be left blank. 

11-21 

XSHIFT 


XSHIFT is the distance from 


the nozzle throat to the 
center (X^O) of the coordi- 
nate system for the wall 
equations. This is only 
necessary for two-phase cases 
where a transonic solution is 
desired and where X=0 at the 
nozzle throat. This distance 
is positive if the center of 
the coordinate system is 
downstream of the throat and 
negative if the center of the 
coordinate system is upstream 
of the throat. XSHIFT should 
be zero except for two-phase 
transonic cases. XSHIFT is 
input in feet or meters 
depending on IC0N(9). 


8 Upper Boundary Description 

If ICON(A) < 10,000 use following Format (I1,3X,I1,5X,6E10.4). 
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CARD 8 (Cont’d) 




Column 

Parameter 

Value 

Description 

1 

IWALL(K,2) 


Conic equation 




R = A[(B+CX+Dx2)1/2+eJ 


IWALL(K,2) 

2 

Polynomial equation 




R = AX^+Bx3+Cx2+DX+E 



3 

Free boundary equation 




P = P (1+E X)(l+Y (M sin(0„ 

-e ))2) '8 

00 




(See page 6-15 for an example 
and description.) 

5 

ITRANS(K,2) 

0 

No discontinuity follows this 
equation. 



1 

Expansion corner follows. 

11-20 

WALLC0(K,1,2) 


Coefficient A or Poo(psfa or 
N/m^). (Units must be 
consistent with R in ft or m.) 

21-30 

WALLC0(K,2,2) 


B or 

*oo 

31-40 

WALLC0(K,3,2) 


C or M 

41-50 

WALLCO(K,4,2) 


D or e^(deg) 

51-60 

WALLC0(K,5,2) 


E or E_ 

OO 

61-70 

WALLCO(K,6,2) 


Maximum value of X applicable 
to equation (feet if ICON(9)=0 
meters if IC0N(9)»1). 


If IC0N(4) > 10,000 use following format (I5,5X,3E10.4,I5,5X,3E10.4). 


Column 

Parameter 

Value 

Description 

5 

ITRANS(K,2) 


Same as before. 

11-20 

WALLCO(K,3,2) 


Axial position (X) of point K 
(ft or m). 

21-30 

WALLC0(K,1,2) 


Radial position (R) of point 
K (ft or m). 
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CARD 8 (Cont'd) 


Column 

Parameter 

Value 

Description 

31-40 

WALLCO(K,2,2) 


Wall angle (6) at point K 
(deg) 

45 

ITPJ^NS(K+1,2) 


Same as before. 

51-60 

WALLCO(K+l,3,2) 


X at point K+1 (ft or m). 

61-70 

WALLC0(K+1,1,2) 


R at point K+1 (ft or m) 

71-80 

WALLCO(K+l,2,2) 


0 at point K +1 (deg) 


NOTE: Card 8, In the above format. Is repeated for each equation until all 

necessary equations have been input. That is, repeat Card 8, in succession 
in order of Increasing X, for K=l,2 , . . . ,IC0N(4). 

Repeat Card 8, in above format, in succession, and in order of increas- 
ing X, until all required points have been input. 

If IC0N(4) > 20,000, the above format is used plus Card 8a must be 
input to define the boundary conditions downstream of the last discrete 
point . 

CARD 8a (IF(IC0N(A) >20,000)) 

Input boundary equation as per Card 8, 1C0N(14) <10,000. 

CARD 9 Lower Boundary Description 

The formats and options for card 9 are controlled by IC0N(5) and are 
the same as for Card 8 (Upper Boundary) with the following exception: It Is 
not possible to run a two-phase case with the lower boundary specified by 
points, therefore there is no Card 8a; (2) the indices of the parameters are 
(-,-,1) Instead of (-,-,2), e.g., WALLC0(K,i,l) Instead of WALLC0(K,1,2). A 
nozzle throat region showing the coefficients of a circular throat and free 
boundary are shown in the sketch on the following page. 
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RC = radius of curvature of the 
circular arc of the throat 
RT * throat radius 
XO = axial distance from the origin 
of the coordinate system to 
the throat 

6 = throat divergence angle corre- 
sponding to the maximum value 
for which the throat conic 
equation applies 


The conic equation for this case would have the following form: 

A = -1 for an upper equation, +1 for a lower equation 
-1 for this case) 

B = Rc2 - Xq2 

C « 2X0 

D = -1 

E = -(RC + RT) 

Xmax = RC sin + XO 

An example of a free boundary is shown in the sketch below. 


TIIETAINF 


= GAMMAINF 


Nozzle 


The freestrtam approach flow is 
inclined at 15 deg to the plume 
with a gamma (y) of 1.4, a Mach 
number of 10, and a static pres- 
sure of 0.1 psfa. 


Plume 

Boundary 


PINF = 0.1 (psfa) 

E =0 (No pressure variation will) axial distance) 

GAMMAINF * 1.4 
MINF = 10 
THETAINF “ -15 deg 
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CARD 10 Gas Property Control Format: 6A4,5X,A3,6X,I2,3X,I2,5X,E10.4 

This card is required whether gas data input by cards or tape. 


Column Parameter 

1-24 ALPHA(I) 


30-32 ”MTS 

(Idependent 
of IC0N(9)) 


Description 

Gas name for real gas on 
tape. If inputting ga:> data 
via cards, may be any name. 

ENG Input gas data with 
English units (cards only). 
MRS metric units (cards or 
tape). 


39-40 10.- 


44-45 IS 


51-60 HTREF 


Number of 0/F or total 
enthalpy tables for gaseous 
only solution or number of 
gas total enthalpy tables for 
two-phase solution 

Number of entropy tables per 
lOF entry, 1 for gas, 2 
maximum for gas chemical 
equilibrium solution. 

Total enthalpy (Btu/lbm or 
cal/gm (IC0N(9)) of gas table 
corresponding to combustion 
chamber condition. HTREF is 
required to be input only for 
two-phase cases which use 
multiple total enthalpy 
tables input via cards. 

Input zero fo** all other 
cases. HTREF corresponds to 
the table generated by the 
TRAN72 program at QDOTP=0 
(see Section 4), 


CARD IJ Mixtu’~e Ratio or Total Format: 2E10.4 

Enthaipy (This card is 
Not Used if IC0N(i)>2) 


* 

It is necessary to input ALPHA only for finite rate case (IC0N(I)23). 
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CARD II (Cont'd) 

Column Parameter 

1-10 OFRAT(M) 


11-20 H0(M) 


Description 

For gaseous only flow input 
O/'F ratio, for particle flow 
input gas total enthalpy 
(cal/gm for metric, Btu/lbm 
for English units specified 
by Card 10). 

For gas only transonic case 
and for 3L RESTART input 
total enthalpy (cal/ga for 
metric, Btu/lbo for English). 
If real gas get data from 
NASA-Lewis run. If ideal HO 
= CpTo where Cp =yR/(V - D 


CARD 12 Entropy 

(This card is not 
used if IC0N(1)^2) 

Column Parameter 

1-10 STAB(M,I) 


19-20 IVTAB(M,I) 


Format E10.4,8X,I2 


Description 

Entropy of gas (cal/graK or 
Btu/lbm-R, units specified by 
Card 10). 

Number of Mach numbers for 
this entropy value (13 max). 


CARD 13 


Column 

1-10 

11-20 

21-30 


Gas Properties 
(This card is used if 
IC0N(1)=1; units specified 
by Card 10) 

Parameter 

XSIDIM(l) 


XSIDIM(2) 


XSIDIM(3) 


Format: 8E10.4 


Description 

Mach number associated with 
above entropy. 

Molecular weight of gas 
(gm/gm-mole or Ibm/lb-mole) . 

Gamma (Cp/Cy) 
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CARD 13 (Cont'd) 


31-40 

XSIOIN(r) 

Temperature (R or K) 

41-SO 

XSIDIH(5) 

Pressure (atn) 

51-60 

XSIDIM(6) 

Prandtl number (dimensionless) 

61-70 

XSIDIM(7) 

Absolute viscosity (poise) 

71-80 

XSIDiy(8) 

Ideai gas (1 velocity cut per 
table) - viscosity tempera- 
ture exponent. Real gas - 
Cp (cal/gm-K or Btu/lbm-R). 


To illustrate the arrangenent of cards 1, <: and 3, let I0r>>2 and 1S=2; 
then the proper arrangenent is: 

Card 11 
12 

13(1-13 such cards) 

12 

13(1-13 such cards) 

11 

12 

13(1-13 such cards) 

12 

13(1-13 such cards) 


CARD 14 Gas Properties Format: 3E10.4 

(This card is required 
if ICOK(l) > 2) 


Column 

Parameter 

Default 

Description 



Value 


1-10 

PR 

0.7 

Prandtl number 
(dimensionless) . 

11-20 

VISO 

l.OE-04 

Absolute Viscosity (poise) 

21-30 

EX 

0.6 

Viscosity temperature 
Exponent . 
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CARD 15 Gas Themodynaaic Data 

(Tli« following cards are 
required if ICUN(l)>2) 

The following set of cards contain species thensodynaaic data. The 
first card contains the species na*%. aolecular weight, and he-'it of foraa- 
ticn. The second and reaainlng cards contain the teaperature and corre- 
sponding specific heat, entropy and enthalpy for that species. Two teaper- 
atures and corresponding theraodynaaic data are placed on ea..n card, the 
input table can contain up to a aaxiaua of 30 tenperature points. The data 
are input exactly as presented in the JANAF tables (Ref. 21) with the 
tenperature points being the saae for all species. Cards 15.1, 15.2, 15.3, 
etc., are repeated for each species. If a SPF start line is to be punched 
(0 ISKPY 7) then the species aust be input in saae order as they appear in 
Table 6-1. Section 7. 1.3.2 contains theraodynaaic and reaction data for 
typical propellant systeas. 


Card Coluan 


Description 


Fomat 


15.1 1-8 Name of first species (left adjusted) 

11-20 Molecular weight 

21-30 Heat of foraation, 6293 (kcal/aole) 


2A4 

E10.3 

E1G.3 


15.2 


I- 10 First temperature point (K) 

II- 20 Cp (cal/aole-K) 

21-30 Sj (cal/mole-K) 

31-40 ^'•i~h 298 (kcal/aole) 

41-50 Second temperature point (K) 

51-60 Cp (cal/nole-K) 

61-70 Sj (cal/mole-K) 

71-80 hj-h 298 (kcal/raole) 


F10.4 

F10.4 

FiO.4 

F10.4 

FIO.4 

F10.4 

FIO.4 

FIO.4 


15.3 1-iO Third temperature point 


FIO.4 


etc. 

CARD 16 Catalytic Species Weighting Factor Data 

(The following cards are required if 
IC0N(1)>2 and NM>0) 
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Card 16 (Cont'd) 


The following set of card: specify the catalytic species (H1,H2,N3. . . ) 
and their respective coaposition in terac of the species participating in 
the reactions. Weighting factcrs aust be read in the same order in which 
the theroodynaaic data sets are read. 


Card 

Column 

Description 

Format 

16.1.1 

1-3 

AID(NS+1) - Name of first catalytic species 
(e.g.. Ml) (left adjusted) 

2A4 

16.1.2 

1-5 

WF(1,1) - Weighting factor of first species 
(for first catalytic species). Set weighting 
factor to zero for any reactant which dees 
not contribute to the respective catalytic 
species. 

16F5.2 


6-10 

WF(1,2) - Weighting factor of second species 
contributing to first catalytic species. 



75-80 

WF(1,16) - Weighting factor of 16th species 
contributing to first catalytic species. 


16.1.3 

1-5 

WF(1,17) - Weighting factor of I7th species 
contributing to first catalytic species, etc. 

16F5.2 

16.2.1 

1-8 

AI0(NS-t-2) - Name of second catalytic 

2AA 

16.2.2 

1-5 

WF(2,1) - Weighting factor of first species 
contributing to second catalytic species, 
etc. 

16F5.2 

16.NM.I 

1-8 

AID(NS+NM) - Name of last catalytic species. 

2A4 


etc. 


CARD 17 Cheaical Reaction Mechanlsas (The following 
cards are required if IC0N(1)>2 and NR>0). 

The following set of cards specifies the chemical reac*'ion mechanisms 
for a particular problem, one card for each reaction. No particular order 
is required. Species names are left adjusted. 
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CARD 17 (Conc'd) 


Card 

Coluan 

Description 

Format 

17.1 

1-8 

Species A 

2A4 


9 

+ sign 



10-17 

Species B (or M) 

2A4 


18 

+ sign 



19-22 

Blank (or M) 

A4 


23 

= sign 



24-31 

Species C 

2A4 


32 

+ sign (if needed) 



33-40 

Species D (or M) 

2a4 


41 

+ sign (if needed) 



42-49 

Species E (or M) 

2A4 


50-51 

Reaction type, 1 to 12 

12 


52 

Rate constant type, 1 to 5 

11 


53-59 

A, pre-exponential factor (cm- 
particle-sec units) 

E7.1 


60-64 

N, temperature exponent 

F5.2 


65-74 

B, activation energy (cal/mole) 

FlO.l 


75-80 

M, temperature exponent 

F6.2 

17.2 


Next reaction 


17. NR 


Last reaction 


CARD 18 

Scartline Data Format: 7E1C.3 



(The 

following cards are requied 



if IC0N(1)>2 and ICTAPE=0) 
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CARD 18 (Cont'd) 

The following cards contain the species mole fractions on the start- 
line. Mole fractions must be read in the same order in which the thermo- 
dynamic sets arc read. 

Card Column Description 

18.1 1-10 Hole fraction of first species at the first 

point on the start line. 

61-70 Mole fraction of seventh species at the 
first point on the start line. 

18.2 1-10 Mole fraction of eighth species at the 

first point on the start line. 


61-70 Mole fraction of the fourteenth species 
at the first point on the start line. 

etc. 

Cards 18.1 and 18.2, etc., are repeated for each point on the start- 
line. For a uniform start line (IDID0«0), mole fractions are read for 1 
point only. 

CARD 19 Chamber Condition Data Format: 2E10.4 

This is used if ICON(l) > 2 
and ICTAPP»0) 


Column 

Parameter 

Description 

1-10 

PC 

Chamber pressure (atm) 

11-20 

TC 

Chamber temperature (K) 
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CARDS 20 Scartline Data Format 8E10.4 

(This card Is not used if 
ICON(2)=2 or for gas particle 
flow). 

Use Card 20a if ICON(l)<2 and IC0N(2)O. Use Card 20b If IC0N(1)>2. 
Use Cards 20c, d, e If IC0N(2)^4 


Card 

Column 

Parameter 

Description 

20a 

1-10 

C0RLIP(2) 

Axial coordinate of upper limit 
of start line (ft or m, see 
Fig. 6-1) 


11-20 

C0RLIP(6) 

Axial coordinate of lower limit of 
line (ft or m, see Fig. 6-1). 


21-30 

C0RLIP(4) 

Mach number (IC0N(2)=0) or A/ A* 
(IC0N(2)‘=1) for startline 


31-40 

C0RLIP(5) 

Entropy of start line (5tu/lbm/®R 
or cal/gm/K) 


41-50 

C0RLIP(8) 

Mixture ratio (0/F) of startline 
or total enthalpy (Btu/lbm or 
cal/gm) if a boundary layer 
solution is to be performed 
(IBL=1, Card 5) 

20b* 

1-10 

C0RLIP(2) 

Axial coordinate of upper limit 
of start line (ft or m, see Fig. 
6-1) 


11-20 

C0RLIP(6) 

Axial coordinate of lower limit 
of start line (ft or m, see Fig. 
6-1) 


21-30 

C0RLIP(4) 

Mach number (IC0N(2)=0) or A/A* 
(IC0N(2)=1) for start line 


31-40 

P 

Pressure for start line (atm) 


41-50 

T 

Temperature for start line 
(R or K) 


This card is used to input the gas startline information when the gas 
chemical non-equilibrium option is utilized in the solution. 
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Fig. 6-1 Startline Geometric Set-Up 
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CARDf. 20 (Cont’d) 

20c 1-10 C0RLIP(2) Mass flow of nozzle (Ibm/sec, 

go/ sec). If set ■ 0.0 then 
the average 0/F ratio (C0RLIP(8)) 
will be used to calculate the 
nozzle mass flow 

11-20 C0RLIP(6) Initial station to start transonic 

solution (ft,m) consistent with 
boundary equations. This station 
should be upstream of the point 
in the nozzle inlet where it 
begins to contract. 

21-30 C0RLIP(4) Axial position of nozzle throat 

(ft,m) 

31-40 C0RLIP(5) Area ratio at which to stop 

transonic solution should be 
^1.5. The default values is 
1.5 if set to 0.0. 

41-50 C0RLIP(8) Engine mass average 0/F ratio 

or total enthalpy (Btu/lbm or 
cal/gm)* 

20d 1-5 lOFS Number of tables of 0/F ratio 

versus radial position on the 
initial station (C0RLIP(6)) 
(Maximum of 20). If I0FS=1 
then constant 0/F case will 
be run using C0RLIP(8) and 
card 20e is not used. 


For cases where IC0N(2) = 5, the engine 0/F ratio consistent with the gas 
thermo tables should be input. If ICON(2)'=4, IBL=1 and multiple total 
enthalpy gas tables are input from TRAN72 results or from cards then the 
total enthalpy corresponding to the actual combustion chamber total 
conditions (QDOTP-0, see Section 4) should be input so that the proper table 
is used. If IC0N(2)»4 and IBL^^O the code assumes the thermodynamic tables 
are input as a function of 0/F so that C0RLIP(8) should be set to the 
appropriate 0/F ratio consistent with the table entries. 

NOTE: Use card 20e when lOFS > 1. Points should be input starting at nozzle 

centerline and going toward wall. This card Inputs 0/F distribution on the 
transonic initial station (C0RLIP(6)). 
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Card 

Column 

Parameter 

Description 

20e 

1-10 

0FST(I,1) 

Radial position on transonic 
start line 


11-20 

0FST(I,2) 

0/F ratio at above radial 
coordinate on start line 


21-30 

0FST( 1+1,1) 

R 


31-40 

0FST( 1+1,2) 

0/F 


41-50 

0FST(I+2,2) 

R 


51-60 

0FST(I+2,2) 

0/F 


61-70 

0FST( 1+3,1) 

R 


71-80 

OFST(l+3,2) 

0/F 

NOTE: 

Use as many 

cards 20e as 

required to read in lOFS point: 

CARD 

21 

Startline Data 

Format: 6E13. 


Do not use this card if ICON(2)f^2 or for gas-particle flow. Use feet 
if IC0N(9)=0, meters if ICOt:(9)=l. Use card 21a if ICON(l) £2. Use Card 
21b if IC0N(1)>2. 

Repeat this card in succession and in order of increasing R for 
1=1,2, ...IC0N(3). 

Card Column Parameter Description 

21a* 1-13 R Radial coordinate (R) of point 

on startline (ft or m) 


* 

Card 21a is used to input the gas start line Information when the gas 
chemical equilibrium, frozen or ideal gas option is utilized 
the solution (ICON(l) < 2). 
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CARD 21a (Cont'd) 


21b* 


CARD 22 


14-26 

X 

Axial coordinate (X) of point I 
(ft or o) 

27-39 

EM 

Mach number at point I 
(dimensionless) 

40-52 

THETA 

Flow angle at point I (deg) 

53-65 

S 

Entropy at point I (ft^/sec^/R 
or m^/sec^/K) 

66-78 

OF 

Mixture ratio at point I (0/F) 
or total enthalpy (ft^/sec^ or 
m^/sec^). O/F or H^ should be 
consistent with gas tables 

1-13 

R 

Radial coordinate (R) of point I 
on startline (ft or m) 

14-26 

X 

Axial coordinate (X) of point I 
(ft or m) 

27-39 

EM 

Mach number at point I (dimen- 
sionless) 

40-52 

THETA 

Flow angle at point I (deg) 

53-65 

T 

Temperature at point I 
(R or K) 

66-78 

P Pressure at point I (atm) 

Cutoff Limits Data Format: 8E10.4 

(See Fig. 6-2) 

Column 

Parameter 

Description 

1-10 

CUTDAT(l) 

Radial coordinate defining upper 


limit of calculation regime 
(ft or m) 


a 

This card is used to input the gas startline information when the gas 
chemical non-equilibrium option is utilized in the solution (IC0N(1)>2). 
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R 


1 






© 


CUTDAT(l) 

CUTDAT{2) 

CUTDAT(3) 

CUTDAT{4) 

CUTDAT(5) 

CUTDAT(b) 


Normal terminated 
by downstream 
cutoffs. 

Normal terminated 
by plume boundary. 


NOTE: The normals must terminate on an upper 
boundary. Therefore, must have 

values such that the cutoff box will always 
be above the plume or solid boundary. The 
code will attempt to fill up the cutoff box 
with normals until fewer than six points 
remain on the normal. 


Fig. 6-2 Cutoff Limits 
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CARD 22 


CARD 23 


CARD 24 


(Cont *d) 



11-20 

CUTDAT(2) 

Ar'lal coordinate defining upstre^im 
cutoff limit (ft or m) 

21-30 

CUTDAT(3) 

Angle upper limit of calculation 
regime makes with horizontal (deg) 

31-40 

CUT0AT(4) 

Radial coordinate defining downstream 
cutoff limit (ft or m) 

41-50 

CUTDAT(5) 

Axial coordinate defining downstream 
cutoff limit (ft or m) 

51-60 

CUTDAT(6) 

Angle downstream cutoff line makes 
with horizontal (deg) 


Mesh Control 
(See Section 

Format: 8E10.4 

7.1.6) 

Column 

Parameter 

Description 

1-10 

STEP(3) 

Interior point insertion criteria 
(ft or m) 

11-20 

STEP(6) 

Axis point insertion criteria 
(ft or M) 

21-30 

STEP(9) 

Particle limiting streamline 
insertion criteria 

31-40 

STEP(7) 

’’olnt deletion criteria 

41-50 

STEP(l) 

Prandtl-Meyer integration step 
size (deg) 

51-60 

STEP(8) 

Interpolation factor for calcu- 
lating lower wall 


Free-Molecular Control Variables Format; 5E10 


(This card is 

not used if iroN(13)=0). 

Column 

Parameter 

Description 

1-10 

VIBNO 

Reciprocal of the Knudsen number 
at which the vibrational energy 
mode thermally freezes 
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CARD 24 (Cont'd) 

11-20 ROTNO 

21-30 TRANNO 

31-40 CHARL 

41-50 CONMM 


Reciprocal of the Kniidsen number 
at which the rotational energy 
mode thermally freezes 

Reciprocal of the Knudsen number 
at which the translational energy 
mode thermally freezes 

Characteristic length used in the 
Knudsen number calculation (normally 
the nozzle exit radius) 

Viscosity relation temperature 
exponent if not input in therm( 
tables. 


Cards 25 thi jgh 37 are input only for two-phase solution. 


CARD 25 


Particle Solution Control Format: 1615 


(Use only if ISPECS>0) 


Column Parameter Value 


Description 


4 IZO 


0 Nozzle wall equations are referenced 

to the nozzle throat 


1 

5 INRITE 0 

(particle 
print flag) 

1 


2 


6-10 IDRAG 0 


Nozzle wall equations are not refer- 
enced to throat 

1 line of print for each particle 
(V,9 , AM, h, p 4T) 

Above plus Re, AV, AT, viscosity, 

^p» 

All of above plus T^, Pq, Cp/C^^^, 
Nu/Nus, A,B 

Use drag table coded in Kllegel 
program (Ref, 22) 


1 Use C.J. Crowe drag table coded 
internal to program (Ref. 23) 

2 Henderson Drag Law (Ref. 24 
recommended) 
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CARD 2!» (Cont ’d) 

14-15 NSI-TS 0 

N 

18 IPCHS 0 

1 

20 IPFTOC N 


25 JTEM(l) 1 

30 JTEM{M),M=2, 0 

; ISPECS 

70 N 

CARD 26 Farticle 

(If ISPECS > 0) 

Column Parameter 

1-10 XMASSP 


Startline calculated by program 
(ICON(2)«2) 

Number of start line points at which 
particle's are present for given 
start line. Must be input if 
ICON(2)=2. N £ IC0N(3). 

No punch. 

P'anch start line from transonic 
program 

Where N is the number of different 
temperature/enthalpy tables to 
input which describe the temper- 
ature/enthalpy relationship for the 
particles. If only one type 
particle specie (i.e., A/ 2 O 3 ) 
then there is usually only one 
table input. 

Particle temperature/enthalpy table 
to use for particle 1. The first 
table should always be for particle 
1 . 

Use Table 1 for the particle 
size. 

The particular particle tempera- 
ture/enthalpy table used to 
describe this particular particle 
size. 

Format: 8E10.4 


Description 

Ratio of particle total mass flow 
rate to gas mass flow rate 
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11-20 ACOMWL Particle accooBodat Ion coefficient for 

laplngenent on noazle wall. Ratio of 
particles which stick to the nozzle wall/ 
total particles which strike the nozzle 
wall. This variable Is used only In the 
particle trajectory tracing through the 
boundary layer. If the particles hit the 
nozzle wall In the Invlscld solution, 
ACOHML Is assuned to be 1.0 

21-30 PWEGHT The aolecular weight of the particles. 

This variable Is only used to set up a SPF 
two-phase start line. The SPF code allows 
only one type of particle. 


CARD 27 Particle Mass Flow 
Rate Fractions (Use 
only If ISPECS>0) 

Colunn Paraneter 

I- 10 PERTG(l) 

II- 20 PERTG(2> 


Fomat: 8E10.A 


Description 

Ratio of particle No. I nass flow rate to 
total particle oass flow rate. 

Ratio of particle No. 2 mass flow rate to 
total particle mass flow rate 


71-80 PERTG(ISPECS) Ratio of particle No. ISPECS mass flow 

rate to total particle mass flow rate. 


CARO 28 


Column 


1-10 


Particle Size Format 8E10.4 

(Use only If 
ISPECS >0) 

Parameter Description 

PSP(2,1) Radius of particle No. 1 (microns) 


PSP(2, ISPECS) Radius of particle No. ISPECS (microns) 
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CARD 29 Particle Mass Density 
(Use only if fSPECS>0) 


Format: 8E10.4 


Column Parameter Description 

1->10 PSP(1,1) Mass density of particle No. 1 (Iba/ft^, 

or kg/m^) 


PSP(l.lSPECS) Mass density of particle No. ISPECS 
lb«/ft^, or kg/m^)- 


CARD 30 Emlsslvity Data* Format 8E10.4 

(Use only If 1SPECS>0) 

(e In Eq. 3.6 of Ref. 1) 

Column Parameter Description 

1-10 EMISS(l) Emlsslvity of particle No. 1 


EMISS( ISPECS) 

CARD 31 Accommodation Coefficients* 
(Use only if ISPECS >0) 

( ot In Eq.(3.6) of Ref. 1) 

Column Parameter 

1-10 ACC(l) 


Emlsslvity of particle No. ISPECS 
Format 8E10.4 


Description 

Accoonodation coefficient of 
particle No. 1 


ACC( ISPECS) Accommodation coefficient of 

particle No. ISPECS 


The emlsslvity and accommodation coefficients are used to determine the 
local energy exchange between the gas and particles via radiation. They 
normally produce negligible effects on solution and usually are set to 0 
(zero). 
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CARO 32 Particle Equation of State 
(Use only If I SPECS > 0) 
(See Section 7. 1.3.3 for 
explanation) 

Coluan Paraaeter 

1-24 ALPHA 

28-30 UNIT 

(Independent of 
IC0N(9)) 

CARD 33 Particle Data 

(Use only if ISPECS> 0) 

Coluan Paraaeter 

1-3 MPTM(I) 


Foraat 6A4,I3»A4 


Description 

Particle nasie (any naae) 

ENG Data Input In English units 
MRS Use aetrlc units 


Foraat: 13 


Description 

Nuaber of teaperature-enthalpy data 
points for this particle. If equal 
to 1, Input liquid and solid heat 
capacities (see Card 34). Right 
adjust. 


CARD 34 Particle Enthalpy Data Format: 7E10.4 

(Use only if ISPECS> 0; 
units specified by Card 31) 


I- 10 TM(I) 

II- 20 HS(I) 

21-30 HM(I) 


Melting point temperature of particle 
No. I (R in English units, K in 
MRS units) 

Enthalpy of solid phase of particle No. I 
at melting point temperature (Btu/lbm 
or cal/gm) 

Enthalpy of liquid phase of particle No. I 
at melting point temperature (Btu/lbm or 
cal/gm) 


The emissivity and accommodation coefficients are used to determine the 
local energy exchange between the gas and particles via radiation. They 
normally produce negligible affects on solution and usually are set to 0 
(zero). 
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CARO 34 (Cont'd) 


Column 

Parameter 

Description 


If NPTM(I)-1, 

use following format. 

31-40 

APH0(1,1,I) 

Heat capacity of liquid phase of particle 
No. I (Btu/lbm-R or cal/gm-K). 

41-50 

APH0(1,2,I) 

Heat capacity of solid phase of particle 
No. I (Btu/lbm-R or cal/gm-K). 


If NPTM(I) 1 

, use following format. 

31-40 

APH0(1,1,I) 

Temperature for T-H table for particle 
No. I (R or K). 

41-51 

APH0(1,2,1) 

Enthalpy for T-H table for particle No. I 
(Btu/lbffi or cal/gm). 

51-60 

APH0(2,1,I) 

Second temperature in T-H table for 
particle No. I (R or K). 

61-70 

APHO(2,2,I) 

Second enthalpy in T-H table for particle 
No. I. 

above 

format 

format (APH0(J,1, 
7E10.4 for J=l,2 

1), APH0(J,2,I)) is continued on successive 
NPTM(I). 


There are as many sets of cards 33 and 34 as there are different 
particle chemical species (IPFTOC, Card 25). 

CARD 35* Input Startline Format: 6E13.7 

(The following cards are 
required if ICON(2)=2 and 
ISPECS> 0)) 


Use Card 35a if ICON(l) £ 2. Use Card 35b if ICON(l) > 2. Repeat this 
card for I>1,2, . . .IC0N(3) starting at point on nozzle axis. 


1-13 R 


Radial coordinate of startline 
point I (ft or m). 


14-26 X 


Axial coordinate of startline point 
I (ft or m). 


27-39 EM 


Mach number at point I. 


* 

This card is used when gas chemical equilibrium, frozen or ideal gas option 
is selected. 
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CARD 35a (Cont'd) 


CARD 35b 


CARD 36 


Column 

Parameter 

Description 

40-52 

THETA 

Flow angle at point I (deg) 

53-65 

S 

Entropy at point 1 (Btu/lbm-R or 
cal/gm-K) 

66-78 

OF 

Gas total enthalpy (Btu/lbm or 
cal/gm). 


1-13 

R 

Radial coordinate of startline 
point I (ft or m). 

14-26 

X 

Axial coordinate of startline point 
1 (ft or m). 

27-39 

EM 

Mach number at point 1. 

40-52 

THETA 

Flow angle at point I (deg). 

53-65 

T 

Temperature at point I (K) 

66-78 

P 

Pressure at point I (atm) 

Startline 

Particulate Data 

Format: I5,5X,4E13.7 


(the following cards are 
required if ICON(2)=2 and 
ISPECS > 0) 


Column 

Parameter 

Description 

5 

J1 

Particle number 

11-23 

HI 

Particle enthalpy at point I 
(Btu/lbm or cal/gm) 

14-36 

RHOl 

Particle density at point I 
(slug/ft^ or kg/m^) 

37-49 

U1 

Particle axial velocity at point I 
(ft/sec or m/sec) 
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CARO 36 (Oont'd) 


Column Parameter 

Description 

50-62 VI 

Particle radial velocity at point I 
(ft/sec or m/sec) 


Card 36 is repeated for each discrete particle size at each point on 
the start line where particles are present, starting at the nozzle wall and 
going toward the axis (reverse order of Card 35). All particle sizes are 
irq>ut at each point start.vng with particle 1 to the number of particle sizes 
that exist at the particular point (See Table 7-7 for example). 


CARD 37 Transonic Flow Data Format: NAMELIST 

(Use only if ISPEC > 0 
and ICON(2)/2) 

Although there are many parameters that may be input via the namelist 
DATA, most of these have already been assigned values in the previous 36 
input cards; and some of the parameters do not apply to the transonic 
calculation. Only those namelist parameters that could have a significant 
effect on the program are included below. The namelist data begins in 
Column 2 with $DATA. The last card begins in column 2 and contains only 
$END. Section 7. 1.5.1 contains a discussion of the use of the transonic 
module. Figure 6-3 illuscrates the variables required for input to the 
transonic module. 
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Parameter 

Description 


Default Values 

THID 

Nozzle throat inlet angle (deg) 


30.0 

RRT 

Throat downstream wall radius 
of curvature divided by the 
throat radius 


2.0 

RWTU 

Throat upstream radius of curvature/ 
throat radius 


2.0 

THJW 

Value of the nozzle wall angle 
downstream of the circular portion 
of the nozzle throat(RRT) in degrees 


16.0 

AX ISM 

The mach number on the start line on the 
nozzle centerline must be }»reater than 1 

1.1 

WALLM 

The Mach number on the start lin^ at 
nozzle wall must be greater tlian i.,0 

the 

1.4 


If ISKPY=7, read in cards 38,39 otherwise leave out. 

CARD 38(If lSKPY=7(Card 5)) Format: 15 

Column Parameter Description 

1-5 INUM Number of chemical species 

to be read In for this chemical 
system (maximum of 25) 

CARD 39 Card 39 reads in the species names for Format: 20A4 

chemical system which does not appear 
in Table 6-1 


Column 

Parameter 

Description 


1-12 

(Left 

Adjusted) 

(SNAME(7,I, 

J),J=1,3) 

Species name (consistent 
with JANNAF 

3A4 

13-24 

I+l 


3A4 

25-36 

• 


3A4 

37-48 



3A4 
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CARD 39 (Cont'd) 

49-60 . 3A4 

61-72 (SNANE(7, 3A4 

I+7,J),J= 

1,3) 

Use as many cards 39 as required to read in INUM species. 


If 1^ISKPY^7 and IC0N(1)=1, card 40 is required, otherwise 
leave out. 


CARD 40 Species mole fraction card 
for SPF start line 

Column Parameter 

I- 10 SIFROZ(I) 

II- 21 SIFR0Z(I+1) 


Format: 8E10.4 

Description 
Species mole fraction 
Species mole fraction 


71-80 SIFR0Z(I+7) Species mole fraction 

As many species mole fractions must be read in as there are species in 
the particular chemical system (see Table 6-1). If ISKPY=7, there should be 
INUM species. The order must be the same as the species appearing in Table 
6-1 or were read in under card 39. Use as many cards 40 as necessary to 
read in all species mole fractions (25 maximum). 


Cards 41, 
culation is to 


i2, 43, and 44 may be required only if a boundary layer cal- 
be performed (IBL >0, card 5) otherwise they must be left out. 
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CARD 41 Boundary Layer Run Option Card Format: 515,5X,E10.5 

This card must be input If IBL>0 


Column 

Parameter Value 

Description 

1-5 

KR7 

0 

Turbulent boundary layer, 
calculation starts off 
laminar and will trip to 
turbulent when the Reynolds 
number based on momentum 
thickness exceeds 250. The 
program will select whether 
the flow is frozen or in 
equilibrium. 



1 

Laminar boundary layer, 
frozen chemistry 



2 

Laminar boundary layer, 
equilibrium chemistry 



3 

Turbulent boundary layer 
if momentum thickness 
Reynolds number exceeds 
250. Equilibrium chemistry. 



4 

Same as 3 except frozen 
chemistry 

6-10 

KR9 

0 

Adiabatic wall nozzle wall 



2 

Specified wall temperature 
distribution. (Requires 
cards 44) 



4 

Wall steady state energy 
balance (use for two-phase 
cases) . 

11-15 

ITPTS 

N 

Where N is the number of wall 
points to input the nozzle wall 
temperature. This is used only 
if KR9«=2 (25 max) 

16-20 

ISPEC 

N 

N is the number of chemical 
species in the boundary layer 
edge gas. This is required 
only if IC0N(1)=1 (thermo 
data read from cards). 
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CARD 41 (Cont'd) 

21-25 NUNIPP 0 Do not punch the BLIMPJ 

input data 

1 Punch the BLIMPJ Input 

data 

31-40 XSTART Distance from the beginning 

of the boundary layer. Pro- 
gram defaults to 1/2 a throat 
radius, 

CARD 42 Boundary Layer Edge Species Format; 4(2A4,2X,E10.4) 


Column 

Parameter 

Description 

1-8 

SPECN(l) 

Chemical species name 
(Left Adjusted) 

11-20 

SPECMF(l) 

Species mole fraction 

21-28 

SPECN(2) 

2nd chemical species name 

31-40 

SPECMF(2) 

2nd chemical species mole 
fraction 


As many card 42 are used as ^re required to read in ISPEC species, 4 to 
a ca d. 

CARD 43 Transport Pri 'i-c rty Card Format; 2E10.4 

NOTE; This card is required only if IC0N(1)=1 and the case being run is not 
a two-phase case (IC0N(9)=0). 


Column 

Parameter 

Description 

1-10 

XMU 

Gas viscosity in the combustion 
chamber (poise) 

11-20 

PRFR 

Turbulent Prandtl number 
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CARD(S) 44 Nozzle Wall Temperature Distribution Format: 8E10.4 

Note: Card(s) 44 are only required if the v-»all temperature cUbtrlbution 

option is selected (KR9”2). Input points starting from nozzle throat to the 
lip. 


Column 

Parameter 

Description 

1-10 

TWA(1,1) 

Axial coordinate of wall location 
(ft.m) 

11-21 

TWA(1,2) 

Wall temperature at above location 
(deg R, deg K) 


Input ITPTS pairs of location and temperature. Four pairs per card. 
6.2 OUTPUT FORMAT 

This section describes the printed output of the RAMP2F code. The 
program output is organized so that the Initial pages contain the input data 
and the initial data surface. Each data surface thereafter is constructed 
along a "normal" to the streamlines which have been chosen to represent the 
flow expansion of the nozzle and exhaust plxime. The computer code will 
treat a chemical equilibrium and/or frozen or chemical non-equllibrlum flow 
expansion with or without the presence of particles; consequently typical 
printouts for each case are presented to demonstrate the output for each 
case. Numbered flags on the example printout sheets correspond to the 
numbered comments In the following description of the printout. The 
calculations are performed in either the English or metric system of units; 
hence units for both are given. 


GROUP 1 - IDENTIFICATION 

1 Computer code identification 

2 Identifies gas-particle flow solution; does not occur for 
gaseous only case. 
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^ Case Nua -r: Appears on each page - may be a maximum of five 

JIj'.Its. 

4 It'oblea Title: Identifies particular solution, appears on each page 

and may be 120 spaces. 


GROUP Z - PROGRAM CONTROL 

5 These 16 parameters control the execution of program according to 
the options selected. (See Card 3 of the Input Guide for an 
explanation of the individual parameters. ) 


GROUP 3 - BOUNDARY EQUATIONS (See input guide for a detailed description) 

6 Type Equation: Identifies the type of boundary equation selected. 

7 I TRANS: Indicates whether a discontinuity follows this equation. 

8 Equation Coefficients: Apply to upper and lower boundary equations. 

9 MAX: Maximum value of x for which this equation applies. 


GROUP 4 - GAS-PARTICLE MIXTURE IDENTIFICATION 

10 Total Enthalpy (appears for gas-particle flow): Gas total enthalpy 

before it is perturbed. 

11 Indicates number of discrete particles used to represent the 
particle distribution. 

12 Gas Identification: Name (24 characteristics max.) which identi- 

fies the gas. If the gas data are stored on a magnetic tape, this 
is the name which is used to locate the gas data on the data tape 
(see Card 9 of the Input Guide). 


GROUP 5 - GAS PROPERTIES 

13 Total Enthalpy (appears for gas-particle flow); Gas total enthalpy 
for this table. 

13 O/F Ratio (appears for gaseous only solution); 0/F for this table. 

14 Entropy; May be two maximum for each 0/F or total enthalpy. 

15 Gas Thermodynamics Data Velocity; May be 13 maximum for each 
entropy (ft/sec or m/sec). 
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16 Gas Constant; Value associated with particular velocity, etc., 
(ft^/sec^/R or m^/sec^/K). 

17 Iseotropic Exponent; Value associated with particular velocity, 
etc. 


18 Teaperature: Value associated with particular velocity, etc., 

(R or K). 

19 Pressure: Value associated with particular velocity, etc., 

(Ibf/ft2 or N/m2). 

Gas Transport Data: (does not appear for gaseous only solution). 

20 Irandtl Muaber: Value associated with particular value of 

velocity, etc. 

21 Viscosity: Value associated with particular value of velocity, etc. 

22 Specific Heat at Constant Pressure: This parameter appears for 

real gas with multiple velocity values. If only one velocity is 
used the parameter printed is the viscosity exponent for the 
equation = yo 

GROUP 6 - PROBLEM LIMIT INFORMATION (see input guide) 

23 ^ Radial coordinate of upper cutoff (units consistent with 
boundary equations). 

24 X: Axial coordinate of upper cutoff (units consistent with 

boundary equations). 

25 THETA: Angle of upper cutoff line (deg). 

26 ^ Radial coordinate of lower cutoff (units consistent with 
boundary equations). 

27 ^ Axial coordinate of lower cutoff (units consistent with 
boundary equations. 

28 Theta; Angle of lower cutoff line (deg). 


GROUP 7 - PARTICLE DESCRIPTION (does not appear for gaseous only solution) 
29 Particle Number; Nunsber assigned to particular particle (10 max). 
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30 Particle Radius: Radius of the particle In microns. 

31 Mass Density; Particle density (Ibm/ft^ or kgs/m-). 

33 Emlsslvlty; Coefficient of eaisslvlty for particle radiation to 
the surrounding medium. 

33 Accommodation Coefficient: Accommodation coefficient for radiation 

from the surrounding medium to the particle. 

Particle percent loading relative to the gas. 


Individual particle percentage relative to the 
total mass flow rate 


36 UNITS: Units with which the particle temperature-enthalpy table 

will be input (see the Input guide). 

37 TtgLT: Temperature of the particle during the phase change from 

liquid to solid (R or R). 

38 HSOLID: Value of enthalpy at which the particle becomes a solid 

(ft^/sec^ or m^/sec^). 

39 HLIQUID: Value of enthalpy at which the particle begins the 

transition from liquid to solid phase (ft^/sec^ or ar/sec^) 
constant specific heat analysis. 

40 CPMELT: Value of the specific heat at constant pressure for the 

particle In the liquid state (ft^/sec^/R or m^/sec^/K). 

41 CPS OLID: Value of the specific heat at constant pressure for the 

particle In the solid state (ft^/sec^/R or m^/sec^/K). 

40 TP; Value of the particle temperature (R or K) (50 max). (Not 
shown) 

41 HP; Value of particle enthalpy corresponding to 40 (50 max). 

(Not shown). 

42 Re; Particle Reynolds number. 

43 DRAG COEF; Particle drag coefficient parameter, f corre- 
sponding to 42 . 


“P 

34 _T 
tlig- 


35 
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GROUP 8 - GAS START LINE INFORMATION 

44 R: Radial coordinate of the data point (units consistent with 

boundary equations). 

45 ^ Axial coordinate of the data point (units consistent with 
boundary equations). 

46 M: Local value of the Mach nuaber (nust be > I.O). 

47 THETA: Local flow deflection angle (deg). 

48 S: Local value of entropy level (ft^/sec^/R or 

a^/sec^/K) . 

49 MACH ANGLE: Local value corresponding to M (deg). 

50 Shock Angle: Local value of shock angle if point is a downstream 

shocic point (deg) . 

51 H-TOTAL (gas-particle flow): Gas total enthalpy level 

(ft^/sec^ or a^/sec^). 

51 0/F (gas only flow): Local value of 0/F. 

GROUP 9 - PARTICLE START LINE INFORMATION (does not appear for gaseous only 
solution) 

52 POINT: Data point at which this particle is present. 

53 SPECIE: Particle nuaber for this data point. 

54 U£^ Particle axial component of velocity (ft/sec or m/sec). 

55 V: Particle radial component of velocity (ft/sec or m/sec). 

56 ^ Particle streamline deflection angle (rad) 

57 ^ Particle enthalpy level (ft^/sec^ or m^/sed^) 

58 p^: Local particle concentration (slug/ft^ or kgm/m^) 

GROUP 10 - MESH CONTROL CRITERIA (see input guide) 

59 DLI: Point insert criteria for the nozzle-plume Interior solution 

(units consistent with boundary equations). 

60 DXA; Line Insert criteria along the axis (units consistent with 
boundary equations). 
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61 DLM; Insert criteria near a particle limiting streamline (units 
consistent with the boundary equations). 

OLD: Point delete criteria (units consistent with the boundary 

equations). 

63 DEGPM; Incremental angle to be used in the numerical integration 
to define the Prandtl-tteyer expansion fan (deg). 

64 F: Interpolation factor used in the axis point solution. 

GROUP 11 - DATA LINE FLOW PROPERTIES 

NOTE: The output format for all data surfaces are the same with each point 

type on the line being identified. Several different lines are shown to 
indicate typical line constructions. 

65 Line: Line number; lines are numbered in ascending order. 

66 Point: Indicates point niraber on the line. 

67 Description; Indicates point type and flow regime. These options 


are: 




Point Type 

Output Format 

Flow Regime 

Output Format 

a. Input 

INPUT POINT 

a. Continuum 

CONTIN 

b. Interior 

INTER 

b. Free Molecular 

FREE 

c. Wall 

WALL 



d. Free boundary 

FREEBD 



e. Prandtl-Meyer 

PRN-MR 




NOTES: The point type and flow regime will appear in the appropriate com- 

bination to completely describe the data point. 

Items 68 through 81 refer to gas conditions. 

68 R: Radial coordinate of the data point (units consistent with the 

boundary equations) 

69 2LL Axial coordinate of the data point (units consistent with the 
boundary equations) 

70 M: Local value of the Mach number 
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71 6: Local flow deflection angle of the gas streamline (deg) 

72 S: Local entropy level of the gas (ft^/sec^/R or 
m^/sec^/K) 

73 Vj_ Local magnitude of the velocity (ft/sec or m/sec) 

74 H-TOTAL (gas-particle flow): Gas total enthalpy level 

(ft^/sec^ or m^/sec^) 

74 0/F (gas only flow): Local value of 0/F 

75 Mach Angle; Mach angle corresponding to the Mach number (deg) 

76 P£_ Local pressure (Ibf/in^ or N/m^) 

77 p: Local density (slug/fc^ or kgm/m^) 

78 Local static temperature (R or K) 

79 GAS CONST: Local value of the gas constant 

(ft^/sec^/R or m^/sec^/K) 

80 LOCAL GAMMA: Local value of the isentropic exponent 

81 SH OCK AHGLE: Local value of the downstream shockwave angle (deg) 

NOTE: Items 82 through S3 refer to the particle properties. This 

printout does not appear for gas only flow. 

82 Local magnitude of particle velocity (ft/sec or m/sec) 

83 ^ Local particle streamline deflection angle (deg) 

84 DM: Difference in Mach number between the ^as and particle 

85 hj_ Local particle enthalpy level (ft^/sec^ or m^/sec^) 

86 Local particle concentration (slug/ft^ or kgm/m^) 

87 ^ Local particle temperature (R or K) 

88 Indicates the data point is on a particle limiting streamline 
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CROUP 12 - INTGCRATEU CAS AND PARTICLE MASS FLOW RATES 

NOTE: The units of the flow rates depend on the units of the boundary equa- 

tion. For the following units perform the indicated operation. 

Units Factor 

ft 1 slug/sec 

M 1 kgm/sec 


89 Gas mass flow rate 

90 Particle total mass flow rate 

91 Sum of the gas and particle mass flow rate 

92 Particle percent loading relative to the gas (numerical Integration 
results) 

93 Particle percent loading relative to mixture 
GROUP 13 - MOMENTUM INTEGRATION RESULTS 

94 This is a calculation of the component of the net thrust due to the 
gas and particle momentum across the starting line. 

F0RCEX,F0RCEY: Net axial and radial component of the thrust vector 

(Ibf or N) 

TORQZ: Net torque resulting from the thrust (ft-lbf or m-N) 

ISP: Specific Impulse corresponding to FORCEX (Ibf-sec/lbj,) 

95 This is Che incremental gas and particle contribution to the thrust 
and torque vector 

DELFXG,DELFYG: Net gaseous axial and radial component of the 

thrust vector (Ibf or N-m) 

TORQZP : Net torque resulting from the gaseous contribution to the 

thrust vector (ft-lbf or N-m) 

DELFXP.DELFYP: Particle momentum contribution to the thrust vector 

(Ibf or N) 

TORQZP: Net torque resulting from the particle contribution to Che 

thrust vector (ft-lbf or m-N) 
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Problem Solution Iteration Control 

96 ITR: Number of iterations required for this point to converge 

within the convergence criteria 

CROUP 14 - PRESSURE INTEGRATION RESULTS 

97 This calculation is the thrust and torque resulting from the gas 
pressure acting on the nozzle wall. 

FORCEX, FORCE Y; Axial and radial component of the thrust (Ib^ or 
N). This thrust vector includes the momentum and pressure contri- 
bution. 

TORQZ : Net torque resulting from the thrust (ft-lbf or m-N) 

DELFX,DELFY: Incremental force in the axial and radial directions 

resulting from the pressure acting on the nozzle wall (Ibf or N) 

ISP: Specific Impulse corresponding to FORCEX (Ibf-sec/lbm) 

GROUT 15 - PERCENT CHANGE IN MASS FLOW RATE MOMENTUM ENERGY, AND ISP 

NOTE: This is a comparison of the mass flow rate, momentum, energy and ISP 

relative to the mass flow rate, momentum, energy and ISP through the input 
(starting line) surface. 

98 Percent change in the mass flow rate of the gas 

99 Percent change in the mass flow rate of the particles 

100 Percent change in the mass flow rate of the mixture 

101 Percent change in the momentum of the gas 

102 Percent change in the momentum of the particles 

103 Percent change in the momentum of the mixture 

104 Percent change in specific impulse 

105 Percent change in the energy of the gas 

106 Percent change in the energy of the partic’es 

107 Percent change in the energy of the mixture 
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fiROUP 16 - FREE MOLECULAR CONTROL PARAMETERS 

108 VIBNO: Reciprocal of the Knudsen nuaber at which the vibrational 

energy mode thermally freezes 

109 ROTNO; Reciprocal of the Knadsen number at which the rotational 
energy mode thermally freezes 

110 TRANNO: Reciprocal of the Knudsen number at whicn translational 

energy mode thermally freezes 

111 CHARL; Characteristic length used in the mean free path calcula- 
tion used to compute the local value of the Knudsen number (units 
consistent with the boundary equations) 

112 GAMV ; Value cf the isentroplc exponent to be used in the vibra- 
tlonally frozen flow calculations 

113 GAMR: Value of the isentroplc exponent to be used In the rotation- 

ally frozen flow calculations. 

113A Location on the normal where continuum flow assumptions are likely 
to start breaking down according to the Bird criteria (Ref. 2b). 

GROUP 17 - SPECIES THERMODYNAMIC AND REACTION DATA 

114 These 7 parameters control the execution of the finite rate 
chemistry calculations according to the options selected. (See 
Card 3 of the Input Guide for an explanation of the Individual 
parameters) 

115 Prandtl number of the gas (dimensionless) 

116 Absolute viscosity of the gas (poise) 

117 Viscosity temperature exponent 

118 Reaction number 

119 Reaction being considered 

120 ^ Pre-exponential factor (cm-particle-sec) 

121 Temperature exponent 

122 B: Activation energy (cal/mole) 

123 ^ Temperature exponent 

124 R-Type; Reaction type 
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125 K-Type; Rate constant type 

126 Catalytic species being considered. (See Card(s) 14 for an 
explanation) 

CROUP 18 - SPECIES MOLE FRACTIONS ON THE STARTLINE 

127 Point: Indicates the point number on the startllne 

128 Corresponding species mole fractions at the point 

129 Chamber pressure (atm) 

130 Chamber temperature (K) 

131 Species mole fractions at a point on the data surface 
GROUP 19 - SINGLE PHASE TRANSONIC OUTPUT 

132 Initial Station: Starting location for transonic solution 

(ft or m) 

133 Throat Station: Location of nozzle throat (ft or m) 

134 Final Station: Location to terminate transonic solution (ft or m) 

135 Mass Flow: Mass flow rate for nozzle (slug/ sec or kgm/sec) 

136 Average 0/F: Overall engine 0/F ratio (variable 0/F) or total 

enthalpy (constant 0/F) 

137 Throat Area: Area of nozzle throat (ft^ or m^) 

138 Time Step: Integration step size for transonic solution (sec) 

139-140 Table of 0/F (or total enthalpy) as a function of local radius at 
Initial station for transonic solution. 

139 1^ Radial location on Initial station 

140 0/F: 0/F ratio or total enthalpy (constant 0/F case) at the radial 

position (R on the Initial station) 

141 Line: Data surface number for transonic solution 

142 Point: Point number at each data surface. Point 1 Is on nozzle 

wall and last point Is nozzle axis 

143 ^ Radial coordinate of point (ft or m; 

144 Axial location of data surface (ft or m) 
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145 N: Mach number point 

146 ANC; Flow angle point (deg) 

147 0/F: 0/F (or total enthalpy) (if total enthalpy, units are: 

ft^/sec^ or m^/sec^) 

148 Vj_ velocity (ft/sec or m/sec) 

149 P£_ Static pressure (Ibf/ft^ or N/m) 

150 ^ Static temperature (R or R) 

151 DENS; Density (slugs/ft^ or kgm/m^) 

152 WDOT; Integrated mass flow across solution station (slug/sec or 
kgm/sec) 

153 PTOT: Integrated momentum across station (Ibf or N) 

154 ISTEP: Time step number 

Note: There are two printouts for step 1000. The first is for tlmestep 

1000 while the second is for the tlmestep at which the best solution was 
obtained. 

GROUP 20 - SUMMARY OF SPF STARTLINE DATA 

155 Header which 1& output following nozzle solution summarizing SPF 
data. If no boundary layer solution is to follow then the In- 
viscid SPF start line will be punched out instead of stored on 
Unit 12. A similar set of output will be displayed at beginning 
of a plume solution which Includes the boundary layer. 

156 SPF c'.iemistry system - See Table 6-1 for species which are con- 
tacted in each system 

157-166 Exit plane mass flow averaged properties 

157 Mass flow averaged exit plane molecular weight 

158 Mass flow averaged exit plane specific heat ratio 

159 Mass flow averaged exit plane viscosity (poise) 

160 Mass flow averaged exit plane Prandtl number 

161 Nozzle exit radius (ft) 

6-54 


LOCKHEED-HUNTSVILLE RESEARCH & ENGINEERING CENTER 



LMSC-HREC TR D867400-IU 


162 

16 ') 

164 

165 

166 
167-172 

167 

168 

169 

170 

171 

172 
173-183 

173 

174 

175 

176 

177 

178 

179 

180 
181 
182 
183 


Mass flow averaged exit plane static temperature (K) 

Miiss flow averaged exit plane density (gm/cc) 

Mass flow averaged exit plane gas velocity (ft/sec) 

Specie name 

Mass flow averaged exit plane species mole fraction 
SPF particle property data (for two phase cases only) 

Particle species or size number 

Location of particle limiting streamline on exit plane SPF start 
line 

Particle radius (microns) 

Particle specific heat (Btu/lbm/mole/*^R) 

Particle mass density (gm/cc) 

Particle molecular weight 

Summarizes SPF exit plane startline properties 

Non-dimensional (R/nozzle exit radius) radial coordinate of 
startline point 

Axial component of gas velocity (ft/sec) 

Radial component of gas velocity (ft/sec) 

Static pressure (atm) 

Static temperature (®K) 

Point number 

Particle species (size) number 

Axial component of particle velocity (ft/sec) 

Radial component of particle velocity (ft/sec) 

Particle density (gm/cc) 

Particle temperature (K) 
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GROUP 21 - SUMMARY OF BLIMPJ DATA FILE 

184 This Is a prinCed listing of Che card images which are prepared by 
the RAMP2F nozzle solution which are scored on unit 1. These data 
are printed out at the end of the RAMP2F nozzle solution. If the 
punch option (NUNIPP»1, Card 41) is selected these data will not 
be printed out 

GROUP 22 - PARTICLE TRAJECTORY TRACING RESULTS 

These results are printed out for two-phase restarts at the exit plane 
for cases which include the boundary layer. If any of the particles 
are found to penetrate the boundary layer then the program traces the 
particle trajectories to the exit plane so that particle property 
variations in the boundary layer may be included in the exit plane 
viscous start line. 

185 This cable summarizes Che particle properties as they enter the 
boundary layer 

186 Particle size number 

187 Particle streamline number - The program traces nine different 
streamlines of a given particle size which enter the boundary 
layer at different locations down the boundary layer. The lOth 
point is the edge of the boundary layer at the exit plane 

188 Radial location at which the particle enters the boundary layer 
(ft or m) 

189 Axial location at which Che particle enters Che boundary layer (ft 
or m) 

190 Particle velocity (ft/sec or m/sec) 

191 Particle flow angle (deg) 

192 Particle enthalpy (ft^/sec^ or m^/sec^) 

193 Particle density (slug/ft^ or kgm/m^) 

194 Particle temperature (R or K) 

195 This Cable summarizes the particle properties at the particle 
streamlines of Table 180 except these results are at the exit 
plane after the particles were traced through the boundary layer. 
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GROUP 23 - IDEAL GAS EXIT START LINES 

One of the options of the RAT.P2F program is to print and/or punch an 
ideal gas start line for the Lockheed Method of Characteristic as well 
as for a RAMP2F exit restart. These start lines can only be punched 
for viscous exit plane restarts. See Vol. II, Appendix B for Instruc- 
tions on modifications to the MOC program for using tnls start line. 

196 The exit plane mass flow averaged total pressure for MOC Ideal gas 
start line (psfa) 

197 The exit plane mass flow averaged total temperatures for MOC ideal 
gas start line (R) 

198 The exit plane mass flow averaged specific heat ratio for MOC 
ideal gas startline 

199 The exit plane mass flow averaged molecular weight for MOC ideal 
gas startline 

200 Nozzle exit radius (ft) 

201-206 Are exit plane startline point flow properties 

201 R/RE, non-dimensional radial location in exit plane 

202 X, axial location of exit plane. The program assumes exit plane 
is a 0.0 

203 Mach number 

204 Flow angle (deg) 

205 Entropy (ft^/sec^/R) 

206 Total enthalpy (ft^/sec^) 

207-212 The exit plane normal Ideal gas startline which could be used for 
a RAMP2F plane restart 

207 Radial coordinate of startline point (ft or m) 

208 Axial coordinate of startline point (ft o'* m) 

209 Mach number 

210 Flow angle (deg) 

211 Entropy (ft^/sec^/°R or m^/sec^/K) 

212 Total enthalpy (ft^/sec^ or m^/sec^) 
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Sample Printout 

for Two -Phase Chemical Equilibrium Flow 
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Sample Printcat t >r Iwo-Phase Chemical Equilibrium Flow 
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Sample Printout for Two-Phase Chemical Equilibrium Flow 
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Sample Printout lor Two-Phase Chemical Equilibrium Flow 
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Sample Printout for Two-Phase Chemical Equilibrium Flow 
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Sample Printout fur Two-Phase Chemical Equilibr iunt Flow 
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Sample Printout for Two-Phase Chemical Equilibrium Flow 


Sll»E"SOMlC rto* »*i»L»SIS U 5 IN« The LOC^HrfO.MUHTaVtULC HULTl»Lf SHOCK COHPUTEB 

c»S-r»RTif Lr Plow Soi»tio« 

C*KC NO. I 


PROfiR^N 


P« 6 C 


1 % 


Shuttle Sf»» MOTOR nOetlE 


POI'IT 

I* 

I* 

|R 

lO 

I’ 


spf c te“ 
I 

Z' 

3 

- -j, - 


2 C 

70 

20 

70 

20 

7« 

ir 

21 

21 

22 

22 

22 


2 J 
2 ’ 
2 *« 


U 

.NNt I 

. M 1 1. 1 T.CN 

i39>.2i»*0<* 

. 3T0T 3*0H 

. <4*37V«Tnr 

, <(<(7*O.0‘* 

.H i 4 ^ 7 «Pn 

. 397 S>* 0 <* 

, J7 I 7^*0>< 

. 1^7 J1_«C7 

,M|9A9*r*l 
. <lnn7tl*0<l 
,M7P09«0<( 

, tso'* I •On 

.«?2I <<<09 
, S 7 « T T'JT <« 
.MS73«i*OM 
.N7777»n‘l 


.M 

■.•• 9 K 4 fl »03 
. 3«4‘«7*03 
,78IS3*P3 
.171 99«0 3 


,4<<7JH*03 
,e I 939*03 
, 36393*03 
,79'-.7S*a3 
, I P I 3 * 0 3 
, 7f' ..';*33 
. K 6 *7 6 *» ♦ O' ,3” 
,92377*03 
, 32729*03 
.7»i93l*03 
,4irv7‘C3 
.PS^OI *03 
T»3'VA«03~ 
,*7f.OI *03 
■; 90 ' 4 <i* 03 ' 


- ■ 

_ 1 

• 

-6 

0 

■n 

~ R*^. 

0 
r J 

ram 

,7r6BI *01 

t rj f n A L T 
. 99906*08 

i/L a 1 • 

. 37957-09 

W 

C; 

' ^ 
2 > 

- » 

•69lO®*0T 

- .50337*08 - 

.88219-09 

(. '< 


.50937*01 

.50739*06 , 

• IPR79-03 


* 

. 9 p. 696 .OI 

,51137*08 

. 12385-0} 

tC^ 


.76561*01 

,5 : 998*08 

. I5?l 7-03 

t. 


'»plT5ff^T5T~ 

, 99936*nB 

. 3770V-09 

f 


6 * 802 * 0 * 

,50770*08 

.87757-09 



.52656*0* 

— - ,507|6*08 

» 1 0626-03 



. 97974,01 

.51 1 65*08 

*’l 2395-03 



» ? 7 7 9 1 * r. 1 

.57322*06 - 

i 151 35-03 




,n«,n 93 *n I 
-777"l3»rr 
*S76SI*0I 
,9*699*01 
,9| 398*01 
.TE'OPtfi) 

,*.| 6 is*n» 
T9 ?7s(J« 11T^ 
,ni|9V7*OI 

. 1073 '<*n 7 " 


, 99665*08 
T5'>3f.7*Or' 
,5’>769.0B 
,5l'^07*n« 
,9957**08 
4501 10*08 
. ,pV 30 ,nfl 
T89 <25*nB" 
.50120*08 
, 99120*08 


r86972-179- 
. I&96.3-03 
, 12179-03 

. 36S07-09 
.65199-09 
. |n772-03 
iV59 56*r-9- 
,82^00-09 
,3*796-09 


Grou p 9 
(Corn'd) 


interior. 


ThF HIKH COnSTRoPT Jo»' pf Ll 'P*" foHTBOl EO BY TWt 
,3flC-tll 0* »*1'* , 2 rc-nt OL u** . 150*00 ol 


roiinPliH' vprTkblps 
oFletc. .100-07 ort p.m.* 


.600*01 Fm 


@ 




© 


,650*oo^Gro'io I"' 




LMSC-HRKC TR 0Stw400- 



LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER 


Sample Printout lor Two -Phase Chemical £>)uilibrkim Flow 
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NOTES: (1) Typical printout lor the startline data surface. 

i2) Some points have been omitted for demonstration purposes. 
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Sample Prinlout tor Two-Phaeo Chemical equilibrium Flow 
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NOTES; ID Typical printout for a data aurface inaide the nosale. 

(2) Some points have been omitted for demonstration purposes. 
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Sampl* Printout for Tw.»-Ph«r« Chomlenl EquUlVrlum Flow 
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NOTES: (I) Typical printout for a data aurfaca In tKa axhauat pluma. 

(i.) Soma polnta hava boon omlltad for damnnatratlon purporea. 
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Sample Printout for Two-Phase Chemical Equilibrium 
Plow with Free Molecular Considerations 
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Sample Printout Two-Phase Chemical Equ*llbrlum-Free 

Molecular 
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Notes: 1, Typical priiitout for a startline surface containing a Prandtl Meyer expansion, 
2, Some points have been omitted for demonstration. 
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Note: Typical printout for a data surface in the exhaust plume. 
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Sample Printout for Single-Phase Finite Rate Chemistry Flow 
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Sample Prinii>ul lor Single-Phaae Fmilo Hale Chemlatry Flow 
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SampU Printout for Single-Phase Finite Rate Chemistry Flow 
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Sample Printout for Single-Phase Finite Rate Chemistry Flow 
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Sample Printout for Single-Phase Finite Rate Chemistry Flow 
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NOTES: (1) Typical printout for the startline data surface. 

(2) Some points have been omitted for demonstration purposes. 
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Sample Printout for Single-Phase Finite Rate Chemistry Flow 
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NOTES: (1) Typical ptintout for a data surface inside the nozzle. 

(2) Some points have been omitted for demonstration purposes. 
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7. PROGRAM UTILIZATION 

This section presents suggestions on how to prepare, as well as where 
to obtain, input data for the RAMP2F program. Areas covered for setting up 
the input data are: boundary equations, chemistry data, two-phase data, 

mesh control variables start line options, and free molecular data. Also 
included in this section are explanations of the various error messages, 
problems which may be encountered, and suggested remedies. 

7.1 INPUT DATA PREPARATION 

This subsection along with the instructions fo» setting up the sample 
cases provides the user with guidelines on how to prepare and obtain input 
data for the RAMP2F flowfield code. Input data areas covered are: boundary 

equations, chemistry data, two-phase data, mesh control variables, and start 
line options. 

7.1.1 Boundary Equations 

Probably the first step in setting u a problem along with determining 
the propellant is to determine what the geometric properties of the motor or 
other type problems are and then to specify the geometry in a form which is 
usable by the RAMP2F program. In general, tne best source of motor geo- 
metric data is the motor manufacturer or the system integrator or customer. 
Some standard motor data can be found in Refs. 27 and 28. There are two 
basic types of boundary conditions which are either solid or free boundary 
equations. These two boundary conditions are used to specify both an upper 
and lower boundary for the problem. 
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Solid boundaries are used to describe tne phvslcal geometric boundaries 
(e.g., nozzle wall) and centerline. The solid bo^^ndcries can be specified 
by using polynomial or conic curve fits or by specifying coordinates (R>x) 
and local flow angle. When specifying the upper or lower boundaries, equa- 
tions cannot be mixed with a point by point representation of the boundary 
except that a single equation can be input following a point by point repre- 
sentation of a fixed surface (l.e., free boundary equation following point 
representation of a nozzle wall or straight line following a point-by-polnt 
representation of a diffuser wall). 

When using equations to specify an upper or lower boundary the user 
should take special care to ensure that the equations for each consecutive 
portion of the boundary match in both slopes (unless there is a actual 
discontinuity in slope) and location. The failure to do so may result in 
either the program "erroring off” or large variations in mass flow conserva- 
tion. The example problems given in Section 8 present specific examples of 
utilizing equations to specify boundary conditions. 

Figure 7-1 is a geometry typical of a liquid rocket motor. In this 
case it is desired to run the problem starting at the injector face and 
proceeding out into the plume. For this particular problem dimensions or 
angles a through i are known as well as ambient conditions. The upper 
boundary (nozzle wall and free boundary) will be specified using seven 
equations that have end points corresponding to points 1-7 on Fig. 7-1. The 
following seven steps are used to arrive at the seven upper boundary equa- 
tions for this problem. 

Step 1 (Equation 1) 


A polynomial equation will be used to represent the first portion of 
the nozzle since the combustion chamber wall is a straight line. The 
coefficients of the polynomial are: 
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ITYPE = 2.ITRANS = 0 
A * 0,0 
B = 0.0 
C - 0.0 

D = 0.0 (slope is 0) 
E = a 
XMAX » b 


Step 2 (Equation 2) 


This portion of the combustion chamber starts at point 1 and can be 
represented using a conic equation (circle) of radius c whose center is at 
an axial position of b and a radial position of (a-c). Using the same 
methodology as was shown in Fig. 6-1 the coefficients of Eq. (2) are: 


ITYPE = 1 
I TRANS = 0 
A = 0 

o 2 .2 

B = c -b 
C = 2b 
D = -l.O 
E = + (a-c' 

XMAX = b + c sin(d) 

Step 3 (Equation 3) 


Equation (3) is a straight line at an angle of -d degrees which passes 
through points and The radia., coordinate of point is a - c*(l 

- cos(d)). The axial coordinate is equal to v»^aX for Eq. (2) which is t> + 
c* sin(d). For this problem it is assumed that all the points 1-6 are 
perfectly matched as picked off drawings. UftualJv th.^ drawings that the 
user will get to use to set up the problem do not have all the information 
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needed sc that some adjustments and engineering judgments must be made to 
match all the parts of the contour. The coefficients for Eq. (3) are: 

ITYPE = 2 
ITRANS = 0 
A = 0.0 
B = 0.0 
C = 0.0 
D = tan(d) 

E = -tan(d) * X 2 + >’2 
XMAX = e 

Note: E is calculated from the slope of the line (-tan(d)) and the 
coordinates of point © , where X 2 * b + c sin(d) and 72 = a - (1 - 
cos(d))*c. 

Step 4 


Equation (4) describes the throat uf^ing a circle with a radius of 
curvature of f whose center is at the coordinates, y=f-t-g, x=e + f 
sin(d). The coefficients for Eq. (4) are: 


ITYPE = 1 
ITRANS = 0 
A = -1.0 

B - - (e + f sin(d))^ 

C - 2*(e + f 8 in(d)) 

D - -1.0 
E = -(f + g) 

XMAX = e + f sln(d) + f sin(h) 
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Step 5 


Equation 5 describes the straight section of the nozzle that usually 
attaches the nozzle thioat to the nozzle contour. A polynomial is used to 
describe the line that connects point and which is Inclined at an 
h-degree angle. The coefficients are; 


ITYPE = 2 
ITRANS = 0 
A = 0.0 
B = 0.0 
C = 0.0 
D = tan(h) 

E = -tan(h)*x^ + y^ 

XMAX = i 

Note: E is calculated from the slope of the line (tan(h)) and the 

coordinates of point where: 

= XMAX for Step 4 » e + f sin(d) + f sin(h) 
y^ = g + f(l - cos(h)) 

Y - * m(Y - X^) where: m is tan(h) 

Step 6 

Equation (6), which specifier the exit section of the nozzle, is 
described by a conic equation (circle) ..nowing the radius of curvature and 
the origin (X|^, Yj^) coordinates of the center of the circle. The coef- 
ficients of Eq.(6) are: 

ITYPE = 1 

ITRANS = 1 (an expansion corner exists at the exit) 

A = +1.0 
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C = 2n 
D = -1.0 

E = - m (radial location of center of circle) 
XMAX = j 


Step 7 


The last boundary equation is a free boundary or pressure boundary. As 

_2 

Fig. 7-1 shows the ambient pressure is 0.1 x 10 psfa, Mach number is 10, 
the flow is parallel to the nozzle axis and freestream specific heat ratio 
is 1.4. The coefficients for Eq. (7) are: 

ITYPE = 3 
ITRANS = 0 
A = .IE - 02 
B = 1.4 
C = 10.0 
D = 0.0 
E = 0.0 
XMAX = 1000. 

Always set the XMAl for the last upper or lower boundary to a number which 
is greater than the problem cutoff limits. 

The lower boundary for this problem is a straight line polynomial with 
ITYPE =■ 2, ITRANS = 0, coefficients A-E =■ 0.0 and XMAX “ 1000. 

The preceding example is one way to set up a problem. If some of the 
given information had been replaced with other data then the coefflcienls 
would still be the same, but the method of arriving at them would be 
different. In generrl, it is best to start setting up the geometry at the 
farthest upstream point where the solution is to begin and proceed to the 
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downstream cutoffs. The boundary conditions shouid be as accurate as 
possible with no spatial or angular (unless they really exist) discontin- 
uities between equations. 

Many times the geometric data for the nozzle ^•''’tour will be specified 
by a table of X,R coordinates. These data could be input to the program by 
curve fitting the data using one or more conic or polynomial equations or 
the X,R, 6 option. Sample problem 1 in Section 8 is an example of setting 
up a problem in which the contour is specified by points. Unfortunately 
there are generally no flow angles specified with the tabulated points. If 
one were to use a spline fit for sections of the contour, previous exper- 
ience Indicates that in general the points specified to define a contour are 
not smooth enough to generate adequate curve fits using built in spline fit 
routines. For this reason the use of input X,R, and flow angle (0) tables 
was selected as an option for the RMP2F program. A brief description of 
setting up a nczzle contour using the X,R,6 option is presented in the 
following paragraphs. This discussion, along with sample case 1, should 
give the user an adequate understanding of one way to utilize this option. 

Figure 7-2 shows a i.ozzle contour which was specified by a table of X,R 
coordinates. Normally a nozzle will have a throat region which is a cir- 
cular arc. The first step in determining the flow angles that apply at each 
poit t is to determine for which points, a circular arc is applicable. Use 
simple geometric relationships to determine the radius of curvature of the 
throat region. From this, calculate the second derivative of the circle. 

The n-av*- step is to use the remainder of the points along with the 
second det. - /e of the throat to construct a curve for the relationship of 
flow angle as a function of axial position (x). This is accomplished by 
calculating the slope of a straight line connecting each two contour points. 
This slope or flow angle is then the average flow angle between the two 
points and may be applied at the midpoint of the two contour points. Now 


7-8 


LOCKHEED-HUNTSVILLE RESEARCH & ENGINEERING CENTER 



X 


Fig. 7-3 Variation of Flow Angie js a Function of Distance 
f- om the Throat 
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plot each of the uldpolnts as a function of flow angle versus x. Figure 7-1 
shews typical results. In general the points will not result in a snooth 
curve. To get a good representation of the variation of flow angle as a 
function of x, fair a curve through the plotted points and merge it with the 
throa". region which ends at point (Fig. 7-3). The variation of flow 
angle with x for the throat is a straight line since the second derivative 
of a circle is a c'nstant. Some nozzles have the flow angle increasing 
beyond the throat .'egion as is shown In Fig. 7-3, %fhile others have straight 
walls for some dls^ <.nce before the merge into a contour (see sample problem 
8-1). Sometimes it 's necessary to plot the nozzle contour so that addi- 
tional points may be picked off to better define the variation of flow angle 
with X. (tow determine from the representation of flow angle versus x the 
flow angle at each of the contour points and Input the X, R and 6's into the 
program. If the points are not close enough in the throat region and the 
flow angle varies more than approximately 5 deg add some more points. This 
can be done using the equation of the throat. 


There are two ways to check to see how well the variation of flow angle 
is represented. The first is to check the mass flow conservation results 
that are output during the nozzle solution. If the tabulation of X, R and 
6's are consistent you will see little oscillation or change in mass flow as 
the solution progresses down the nozzle. Typical mass flow conservation 
should be within 2 percent of the throat or startline mass flow. The other 
method is to iv->calculate the radial coordinates at each tabulated point. 

This is done by starting at the end of the throat region, and using the 
slope at the mid point of each two contour points and the assumption that a 
straight line connects them to recalculate the radial position at each point 
as you proceed down tue nozzle. For example, say point on Fig. 7-2 is 
the end of the throat. We know .he coordinates at point (X^.R^). 

The new coordinate for point would be: 


Y, » Y_ + (X. - X,) tane. 
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Point new radial coordinates would be: 

(*5 ‘ tan 0^.5 

Using this saae procedure the entire nozzle can be described out to the exit 
plane. If the 0 vs X variation is a good representation of the nozzle, then 
the calculated coordinate of the nozzle lip should be very close to the 
actual nozzle exit radius. Previous calculations using this aetbod have 
given good results and in aany instances the T* coordinates are the ones 
input into the prograa. 

Nozzle geoaetric data are usually obtained froa the engine aanufacturer 
or froa the organization that is integrating the aotor into its particular 
systea. At tiaes, the inforaation will be incoaplete or not sufficiently 
detailed to specify the geoaetry using only the inforaation which is given. 
In these cases, plot the geoaetry and use engineering Judgaent to deteraine 
the unknown variables. 

7.1.2 Flowfield Cheaistry 

There are nuaerous cheaistry assuaptions which can be utilized by the 
RAMP2F prograa. The various assuaptions are: (1) ideal gas (constant 

specific heat ratio and aolecular weight); (2) equilibriw; (3) equilibriua/ 
frozen (equilibriua with the species frozen at a specified pressure); 

(4) frozen (constant species distribution, varying specific heat ratio - 
froa TRAN72 prograa); (5) frozen using input species theraod]maaics; and 
( 6 ) finite rate cheaistry. The ability of the prograa allows the user a 
great deal of flexibility in applying the RitfIP2 prograa to solve flow 
probleas. 
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7. 1.2.1 Ideal Gas 

The Ideal gas option assuaes constant specific heat ratio, nolecular 
weight, total teaperature, and total pressure. This option can be used for 
any flow solution whether the gas is a true ideal gas or as an approxiaation 
of a real gas. The use of the ideal gas assuaption for real gas probleas 
will provide a fast, inexpensive calculation but the results will not oe as 
accurate as a real gas calculation. Ideal gas solutions are suitable for 
trade studies where trends are aore iaportant than absolute values. 

7. 1.2.2 Equillbriua, Equilibriua/ Frozen, or Frozen 

The accurate treataent of the flowfield cheaistry for aost probleas can 
be treated with soae fora of cheaistry which results froa calculations of 
the TRAN72 aodule of the RANP2F prograa. Through the use of appropriate 
options (see Section 4) of the TRAN72, themoch»ical data tables can be 
generated for the RMIP2F prograa which are either fully equilibriua, equi- 
libriua with a pressure ratio in the table beyond which the species are 
frozen or cheaically frozen froa the coabustion chaaber. The selection of 
which option to use is a function of the user's particular problea although 
for aoot probleas the equilibriua/frozen option is recoaaended since in aost 
rocket aotors the doaloant species (for deteraination of global character- 
istics) freeze at soae point in the nozzle (see Section 4). There are 
applications such as pluae signatures and radar cross section %ihere equi- 
libriua/frozen cheaistry is not adequate. For these applications the finite 
rate option could be used. 

Setting up an equilibriua case requites certain data to be input to the 
TRAN72 prograa. These data are: chaaber pressure, propellant systea, pro- 

pellant fotaulation, propellant teaperature, propellant internal energy or 
enthalpy, freeze pjint (if applicable, see Section 4) and relative weights 
or aoles of the individual reactants. There are nuaerous sources for these 
data. 
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Operating characterise ics (chaaher pressure, propellant ty|H‘s) ioi 
liquid BK>tors can be found in Ref. 28. Corresponding data for solid motors 
are available In Ref. 27. Once the propellant systea for a particular motor 
has been established, the particulars of the foraulatlon required to use the 
TRAN72 prograa can be obtained from Ref. 29 for liquid motors and Ref. 30 
for solid motors. In the event that the motor operating and propellant 
characteristics cannot be found from these manuals the engine manufacturer 
or systea integration organization is the best alternate source. 

7. 1.2. 3 Finite Rate Chemistry 

Should the user require the use of the finite rate chemistry option, 
this section provides guidelines for using this option. TIm finite rate 
pa_kage can be used for a full finite rate calculation or a frozen option 
whereby the rates are not input and only the thermodynamic data tables are 
used to provide the necessary gas thermochemistry data. 

Finite rate input information is input on cards 6 (control variables 
for finite rate calculations); card 13 (global gas properties), cards 14 
(gas thermodynmaic data tables), cards 15 (catalytic species weighting 
factors), and cards 16 (reaction mechanisms). Additional startline informa- 
tion is discussed in Section 7.1.5. 

The control variables for the finite rate package are input on card 6. 
NT is the number of temperature points in the thermodynamic data tables 
(cards 14) for each species. All tables must have the same number of 
points. NS is the number of gaseous species for the particular system, thus 
there will be NS tables of thermodynamic data (cards 14) required to be 
input. NM is the number of third bodies which are Included in the reaction 
mechanism. NR is the number of reactions (input on cards 16) which make up 
Che reaction package. In the event that the frozen option is utilized NH 
and NR should be set to zero. NPRINT is an intermediate print flag that 
should normally not be used. ICTAPE specifies whether the species mole 
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frtctioa distributloos are input for the starting line by the user or they 
are obtained froa a data tape generated by the TSAN72 program for the par- 
ticular propellant systea. For starting finite rate cases in or ot'ar the 
throat, utilizing the TRAN72 results is recoaaended since for aost high 
teaperature aotors the cheaical equilibrlua asswption up to the throat is 
valid. KG UP specifies the nuaber of nocaals to calculate before the chea- 
istry contributes to changes in enthalpy and entropy. Noraally a value of S 
to 10 is input. This variable was incorporated to allow aisaatcbes in the 
species distributions calculated using a finite rate analysis versus the 
species iig>ut for the start line. It is possible that bad aisaatcbes could 
result in wild oscillations in the pressure and velocity field if the finite 
rate teras are included in the enthalpy and entropy calculations near the 
starting line. IDIDO specifies whether a single species distribution is 
applied to all points on the start line or if different distributions at 
each point are to be input. 

The treataent of cheaical non-equilibriua is handled in a coapletely 
general aanner. The nuaerical aodel handles any cheaical reaction or vibra- 
tional energy exchange aechanisa as long as theraodynaaic data for each 
participating species and rate constant dat . for each reaction are avail- 
able. Twelve types of reaction or energy transfer aechanisas are considered 
as possible contributors to the calculation of *'he net rate of production, 
w^, of each cheaical species: 

Reaction Type 


(1,7) 

A + B 

^ C 

+ D 

(2.8) 

A + B 

+ M c 

+ M 

(3.9) 

A + B 

C 

+ D + E 

(4,10) 

A + B 

c 


(5,11) 

A + M 

~r~^ C 

+ D + M 

(6,12) 

A -1- H 

T~**’ C 

+ M 
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Reactioa types (7) through (12) correspood to reactioo types (1) through 
(6), but proceed in the forward dlrectiou ooly. 

The net rate of productiou for all reactious Is givea below io the fom 
w^^^ = which are the syabols used in the computer 

progran. 


( 1 ) 2 

1. ,«3> - k/ r^F, - -5-r-^ 


2 . k o’ F F F - 

1. V *fp K ST 

P 


3 w^^> = k p2 F F - 
J. w k^p F^Fjj 


4 .<» . k F F - 

P 


... - k^P F F F S T 

5. . k,o’ F.F, - 


6. w kj p F^Fjj ^ 
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To reduce roundoff and truncation errors, and for each 

reaction are coaputed separately. /U.1 contributions to the molar rate of 
production of a given species are then coaputed and added algebraically to 
fora Since reaction types (7) through (12) proceed in the forward 
direction only, the second tern on the right-hand sides of types 1 through 6 
is disregarded in calculating the contributions to 

In reactions (2), (3), and (6) as well as in (8), (11), and (12), M 
denotes a third body species which can be specified. For these reactions 
the situation often occurs where for various third bodies the respective 
rate constants differ only by a constant multiplier. These multipliers can 
be considered as third body efficiencies or weighting factors. If such a 
case is encountered, the third body species mole mass ratio becoros 
effectively a fictitious mole third body species, consisting of the weighted 
siBR over all those species having a non-zero weighting factor, i.e.. 


“ 51 ^i V 

i ^ 


where f^^ are the weighting factors. 

The forward rate constant is generally expressed in Arrhenius 
fora. The equilibrium constant, R^, is determined from the Gibbs free 
energy difference 


/n Kp = - AG/StT 


7-16 


LOCKHEED-HUNTSVILLE RESEARCH & ENGINEERING CENTER 



LMSC-HREC TR D867400-III 


For speed in computation the rate constants are divided into five types: 

Rate Constant 

Type 


(1) 

^f 

* A 

(2) 


. N 
- AT 

(3) 

^f 

= A exp(B/9tT) 

(4) 


= AT~“ exp(B/9tT) 

(5) 


= at"** exp(B/3rr**) 


The thermod]mamic properties required in the analysis include the 
specific heat, entropy, and enthalpy for each chemical species. Values of 
these properties as a function of temperature are obtainable from the JANAF 
theimocheraical tables (Ref. 7) or other such sources. The Gibbs free energy 
used in determining the equilibrium constant is computed directly from the 
enthalpy, entropy, and temperature. The mixture specific heat at any point 
In the flow is given by: 


NS 



The Prandtl number, viscosity (two phase) and viscosity exponent are 
input on card 13. In the event that a TRAN72 data tape is utilized (ICTAPE 
0) the data input on card 13 is overridden by data obtained from the tape. 

Tables 7-1 through 7-4 present some typical finite rate thermochemistry 
and reactions packages for typical rocket propellants. Table 7-1 represents 
a Mrai/N20^ bipropellant system. Table 7-2 shows a K 2 /O 2 system. 

Table 7-3 gives a O 2 /RPI system. Table 7-4 is a chemistry package for a 
solid propellant system such as is used for the Space Shuttle SRMs. This 
particular package Includes ionic species. If the user is not interested in 
radar cross sections, the ionic species and associated reactions can be 
omitted. 
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Table 7-1 MMH/N204 

FINITE RATE CHEMISTRY DATA 

SET 



16 3 23 0 0 

2 

1 




c 

la.gol 0.0 






0*0 

0.0 0.0 

•.252 

60* 

.1975 

*105 

•»295 

100* 

.3VS .210 

•.230 

ISO* 

.7985 

.965 

-.199 

200* 

1.202 .720 

•.160 

250* 

1*628 

1.09*' ‘ 

-.070" 

300* 

2.0S<* 1.372 

.009 

900* 

2*851 

2.075 

*250 

soo* 

3.SV6 2.TBS 


W60. 

' 9V03B 

— 37971 

oT^7 

700* 

S.4S0 <1.126 

1.372 

ooo* 

9.790 

9.739 

1*031 

1000* 

S.MV s.a<i<t 

2.029 

1200* 

5*930 

6.009 

- 3.803 

tHOO* 

S.6oS 7.661 

9.980 

1600* 

5*721 

0.917 

6*122 

laoo* 

5.ao3 9.0*6 

7.275 

2000* 

5.865 

9.711 

0.992 

2300* 

S.936 10.636 

10.212 

2*00* 

5.992 

11*267 

12*002 

3000* 

6.067 12.129 

19.912 

3300* 

6*103 

12*700 

16.236 

3*00* 

6. ISO 13.291 

18.079 

9oO0* 

6*213 

13*093 

20.694 

CMl 

i6.b*nr •i7.a95 






0*0 

7.9<t9 30*1*6 

•2.39* 

Sq* 

7*999 

30*196 

•1.9905 

100* 

7.9<|9 3S.706 

•1*601 

ISO* 

7.975 

30*929" 

*1*2009 

200. 

a. 001 91.222 

•.8o5 

250* 

8.2*8 

93*011 

-.90900 

300* 

a.S36 99.693 

*016 

9oO* 

9.600 

97*199 

.923 

SOO* 

11.076 99.9S3 

1.9*0 

*00* 

12.903 

51*597 

3*130 

“700* 

rr.B'O 53.622 

9.969 

•00* 

15^091 

55^90 

57197 

1000. 

17.1*0 59.191 

9.125 

1200* 

10.092 

42*929 

12.732 

IIOO. 

20*160 65.931 

16.637 

1600* 

21*161 

40.191 

"20.772 

|600. 

21.997 70.730 

26.086 

2000* 

22*662 

73*074 

29.590 

2300. 

23.256 76.279 

36.910 

2600* 

23.750 

79.142 

13.979 

3000. 

29.233 82.697 

53.079 

3300* 

29.993 

09*920 

60.309 

3400. 

29.695 87<06o 

57T76I 

ToOffT" 

29.901 


77 ."49a 

CO 

20.010 •26.92 






0* 

6.9S6 39.79| 

•2.072 

50. 

4*956 

39.791 ' 

-1.72*8 

100. 

6. 95* 39.613 

-1.379 

l6o* 

6.95*5 

92*939 

•1*0300 

200. 

6.95. 99.935 

•0.603 

2So* 

6.941 

95*988 

•*33516 

300. 

6.965 97.267 

0*013 

900* 

7*013 

99.245 

0*711 

TOO* 

7*1^1 1 

T.9i-r~ 

600* 

n27# 

S>2o lb2 

2VTTT 

700. 

7.960 53.207 

2.073 

ooo* 

7.429 

69.293 

3.627 

1000* 

7.931 56.020 

6.103 

I200* 

0.148 

57.994 

6.799 

I'iOO. 

8.39* 58.769 

0.99* 

1*00* 

8.900 

69.893 

10*130 

ISOO. 

8.583 60.098 

11.036 

2000* 

0.449 

41.007 

13.541 

2300. 

8.756 63.029 

16.175 

2*00* 

0.025 

49.102 

|0.0|3 

2000*. 

fot'VS Abo47y 

22.357 

3300* 


66*2iu 

20*032 

3600. 

8.973 66.999 

27.719 

9000* 

9.019 

47.99* 

31*314 

C02 

99.0099 «99.069 



• • 

— 

— 

0. 

6.981 37.9|9 

•2.230 

60. 

4*901 

37.919 

*1.092 

100. 

6.981 92.758 

-1.593 

ISq* 

7.350 

• 95.598 - 

• -•1.193 

200* 

7.739 97.769 

•0.016 

26o* 

0.315 

99.558 

-.919 

300* 

6.096 5|.i27 

“o.tn* 

900* 

9VtT7 

4 J.630 

— OrffO 

SOO. 

10.6*6 56.122 

1.907 

60o* 

11*310 

60.126 

3.007 

700* 

11.096 59.910 

9.296 

OOO* 

12.293 

*1.622-- 

5.953 

1000. 

12.980 69.399 

7.909 

12oO* 

13.964 

66.756 

10.632 

1*100. 

13.815 68.059 

13*362 

1*00* 

19.079 

70.721 — 

- I*»152 

|800. 

19.2*9 72.391 

10.987 

2000* 

19.929 

??*?0* 

21*057 

2300. 

19.600 75.93i 

26^T|2~~ 

"2800’* 

n9*T39 

1 1 * 7 *11 

"30*413 

3000. 

19.073 79.098 

36.635 

33oO* 

19.956 

01.270 

91*010 

3600. 

15.030 82.679 

95*608 

9000* 

15.119 - 

09.302- - 

51*530 
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Table 7-1 (Continued) 


H 

l.OO* S2. 

102 






0* 

A.94B 

10.521 

•I.8BI 

50. 

9.988 

18.521 

•1.2328 

too* 


21.945 

>0*988 

ISO. 

8.988 

23*979 

••7348 

■ 200« 

Aini“ 

25V90*~ 

-ovonr 

IWl.' 

' 8.98t 

24*5i 7 

•"•'2398 

300* 

•1.748 

27.823 

0*009 

800. 

8.988 

28.852 

0*504 

&00« 

•t.944 

29.941 

1*003 

400. 

8.988 

30.847 

1*5 

700* 

8.948 

31.832 

1*994 

800. 

9.988 

32.298 

2.993 

1000* 

8.988 

33.808 

3.987 

1200. 

8.988 

38.310 

8.881 

1<I00* 

8.988 

35.075 

5.979 

1400. 

8.988 

35.739 

4.948 

itoo* 

8.948 

STTOJS 

7.981 2oOO. 

•f7r4f~ 

88. 88a 

8.955 

29Q0* 

8.988 

37.8)8 

9.988 

2800. 

8.988 

38.152 

11.938 

3000* 

■ 8.988 

30.842 

13.923 

3)00. 

8.988 

39.398 - 

19.923 

3«00* 

8.948 

39.924 

18.923 

8000. 

8.988 

90.838 

18.810 

N2 

2.014 0. 







0* 

5.393 

20.489 

•2.029 

Sq« 

5.393 

20*499 

•1*535 

100* 

5.39J 

29.387 

•1.285 

iSO. 

5.9555 

24.724 

-.9738 


4.518 

28.520 




-*327 ^ 

300* 

4.898 

31.251 

0*013 

900. 

■■■vniu 

33.297 

o*7tfr 

Sqo* 

4.99J 

38.8o4 

1.808 

400. 

7.0q9 

34.082 

2*104 

700* 

7.034 

37.185 

2 « 8 o 8 

800. 

7.087 

38.107 

3.518 

1000* 

7.2|9 

39.702 

8.988 

1200. 

7.390 

91.033 

8.908 

laoo. 

7.400 

82.187 

'7;902 

1400. ~ 

7.823 “ 

83'.ai7 “ 

9.894 

I«00* 

8.014 

89.150 

11.030 

2000. 

8.195 

95.009 

12.451 

2300* 

r.'^Ta 

9«7T5a 

15. 187 

Twin 

r.‘4T9~ 

— 97;air 

177708" 

3000* 

8.B59 

80.845 

21.210 

3300. 

9*0 

99.4 

23.000 

3400. 

9.3 

50.8 

25.00 

9000. 

9,8~ 

“53.0“ 

“28.000 


h 20 ia*01« 


0.0 

7.981 

30.870 

-2.387 

50. 

7.981 

30*878“ 

“ -IV979 

100. 

7.98| 

38.398 

-1*581 

ISO. 

7.985 

39.829 

•1.1829 

200. 

7.959 

81.* 18 

- .788 

250. 

7.998 

93.898 

-. 3*54 

300. 

8.027 

85.155 

• 015 

*•00. 

8.188 

97.983 

• 825 

500. 

8.8|5 

89 € 33*! 

1*858 

*00. 

8.878 

50.891 

2.509 

700. 

8.958 

52.299 

3.390 

*00. 

9.298 

53.989 

9.300 

1000. 

9.851 

55.591 

8.209 

1200. 

10.898 

57.890 

8.280 

|900. 

10.987 

59.092 

10.388 

1*00. 

11.882 

40.591 

12.430 

1800 . 

117*87“ 

8|77£5 

18T988 

2000. 

12.219 

• 2 

1>.3>3 

2300. 

12.438 

88.971 

21.103 

2800. 

12.985 

48.590 

29.985 

3000. 

13.3)38 

88.820 

30.201 

33oO. 

13.503 

89.498' 

39.223 

3400. 

13.889 

70.880 

38.300 

9000. 

13.850 

72.330 

93. *05 

NH3 

17.03081 

-10.97 






0.0 

7.95 

31.899 

•2.809 

So* 

7.96 

31.499 

-2.0045 

roo. 

T’.VSO 

37~7210 

sTiaov 

150. 

V 02IIVS 

9ff.323~ 

**1.23ll 

200 . 

8.088 

82.780 

•0.811 

250. 

8.295 

99.552 

-.9095 

300. 

8.528 

88.085 

.018 

900. 

9,291 

98.433“' 

i903 

500. 

10*038 

50.780 

1.887 

*00. 

10.80* 

52.479 

2.909 

700. 

11.538 

58.800 

9.027 

*00 • 

12.225 

55.9*4 “ 

5.215 

1000. 

13.887 

58.851 

7.787 

1200. 

19.550 

41.909 

10*592 

1 wyy# 

IS 

I'SrsVf 

i8inr. 

1 S • ^i^S 

8S'.833 — 

18.785 — 

1800. 

18.782 

87.778 

20.08* 

2000 . 

|7.220 

49.5*8 

23.885 

2300. 

17.825 

72.015 

28.723 

2800. 

18.370 ■ — 

79.239- 

37.359 

3000. 

19.000 

78.908 

91.431 

3300* 

19.391 

78.739 

97.383 

3400. 

19.872 

80.932 

53.235 

9000. 

20.100 

82.527 

81.176 

NO 

30.00* 

21.58 






0^0 

r.T 2 “l 

“34T93T* 

-rrf97~ 

ToVll 

7;T21 — 

— 3*^939‘ 

•1 

100. 

7.721 

82.288 

-1.951 

ISO. 

7.998 

85.353 

-1.079 

200. 

7.271 

87.877 

•0.705 

250. 

7.202 " 

“99.0*5 

■ “"-.3953 

300. 

7.132 

50.392 

.013 

800 . 

7.157 

52.998 

*727 

SoO* 

7.287 

58.053 

1.98* 

*00* 

7.988 

55.397 

2.184 

700* 

7.855 

58.582 

2.982 

• 00 * 

7.832 

57.598 

3.71* 

1000* 

4^ 1*23 

5T7377 

*013 

1200* 

iTJJi 

8Q.875 

4.980 

1800* 

8.891 

82.|75 

8.888 

1*00* 

8.8Q5 

83.317 

10*358 

1800 * 

8.892 

88.335 

12.0*9 

2oOO* 

8.759 

45.255 

13.829 

2300* 

8.837 

88.808 

18.989 

2400* 

0.895 

47,571 

19.129 

3000* 

8.965 

88.889 

22.700 

3300* 

0.991 

*977o'9 

25.392 

3800* 

9.022 

70.988 

28.099 

9000* 

9.058 

71,890 

31.710 
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Table 7-1 (Continued) 


2fl« 

0» 

100* 

200* 

300* 

SOO* 

TOO* 

1000* 

0138 0 

3*986 
3*983 
3*987 
3*931 
7*039 
7*380 
7*818 

.0 

33*398 

39*17q 

92*992 

98*813' 

99.383 

81*903 

88.807 

*2*072 

-1.379 

•0*993 

0*013 

1*913 

2*983 

8*129 

80* 

ito* 

28o* 

900* 

300* 

900« 

1200* 

3*983 

9.9838 

3.989 

3*99© 

7.193 

7*812 

9*0*1 

33*389 
80*99 
8“*888 
87.019 “ 

80**98 
82.790 
88.988 

-1.72*9 

•1*0309 

-*338 

0.710 

2*128 

3*893 

3.718 

I400* 

l8oO* 

2300* 

3000* 

3300* 

QH |7« 

"8V2T2 
8*812 
8*?03 
8.888 
8.939 
0078 9* 

■"~SX.'2T2 

89*320 

31.831 

33*738 

38.397 

832 

“TT.TSb 

11*707 

16*0|8 

22*138 

27*8o& 

TioO* 

- »900iL. 
2*00* 
33©0* 
9000* 

SVT91 
*•*01 . 
9*7o3 
6.988 
9.9*3 

6b.*23 
*0.222 
*2.8o3 
*8.311 
“ *3.331 

lb*D18 

I3*9l9 

i9»339 

28.929 

31*099 

0*0 

7*798 

30*321 

•2*192 

Sq*0 

7.79* 

30*321 

-1*8839 

100*0 

7.798 

38*726 

-1*937 

180*0 

7.877 

39*937 

-1*098 

200*0 

7*383 

80*988 

-*7u 

'280*0 

7.2308 

82**1 


300*0 

7*138 

83*925 

.013 

900*0 

7.097 

88*978 

• 728 

800*0 

7*086 

87*SSl 

1*932 

~96o*o 

7*087 

89*937 

2*137 

700*0 

7*w9 

89.927 

2.998 

9oO*0 

7.18 


3*883 

1000*0 

7.332 

52.^91 

8*003 

1200*0 

7.889 

53*687 

**89| 

1800*0 

7.733 

88*027 

9*023 

1300*0 

7*933 

83*077 

9*893 

|8Q0*0 

'8.137 

87*028 

11*207 

2000*0 

8*293 ~ 

87.091 

“12,089" 

2300*0 

8*972 

89*032 

18*339 

2300*0 

9*322 

30*11 

17*929 

3000*0 

8.78 

31*388 

21*811 

2300*0 

9*973“ 

32*197 

"28*03 

3A00*O 

8.989 

32*973 

23*738 

9000*0 

9*083 

33*922 

30*339 

0 13*0 S9.SS9 






0*0 

8*333 

28.839 

•1*309 

80* 

8.333 

29*839 

-1*3333 

100* 

8*333 

32*933 

•1*090 ■ 

f 80 .~~ 

8.85' 

— 38*73 

-.7974 

200* 

8.839 

33.380 

-.823 

28o* 

8.3388 

37*837 

-.2882 

300* 

8.238 

33*S0l 

• 010 

“900* " 

^8*138 

"39.^91 

.529 

800* 

8*081 

81*131 

1*039 

300* 

8*099 

82.088 

1*888 



82T8TI 


ooin 

8V0T8 

971001 


1000* 

8.999 

89*319 

3*882 

1200* 

8.990 

88.829 

8*881 

1800* 

9*989 

83.298 

8*889 

T300* 

~ "8.991“ 

83,737 

-- 3 .S 88 

|80Q* 

8.979 

97*88© 

7*880 

2000* 

8*978 

88.078 

9*833 

2300* 

8.980 

98*77© 

10*029 

2600*' 

" 8.983“ 

89^391 

11*528 

3000* 

8*008 

80*Q96 

13*822 

33oO* 

8.028 

80.873 

19*023 

3300* 

ST* 080 

81*012 

13*837 

9565^ 

8.091™ 

si.soz 

'I5;558 

02 32 

>0 0. 

0 






0*0 

3*988 

33*872 

•2*078 

"80* 

' 3.988“ 

337872 — 

~-r*7299 

too* 

3.958 

81.395 

-1.391 

180* 

6.9898 

88*213 

•1*033 

200* 

3.931 

83*218 

• .398 

280i 

“3.992“ 

“ H7i749 

“-*3178 

300* 

7*023 

89.087 

*013 


7*193 

81*091 

*728 

'500* 

7 *9ii 



(T ' TVHi 


■■■DLQ' kXiMH 

V'ffUI'HI 

700* 

7*883 

88*297 

2*988 

900* 

9*033 

83*341 

3*783 

1000* 

8*333 

88.192 

8*927 

1200*“ 

9*822 - 

— 67*729 

-"7-* 118 

1800* 

8*678 

31*088 

9*938 

1900* 

9*900 

32*222 

10*983 

|800* 

8*9|3 

63*238 

12*389 

2000* 

“ 2*029 • 

-“48*21 

- 78*189 

2300* 

9*198 

68.983 

13*982 

2300* 

9.388 

33*32 

19.338 

3000T 

9VS5T 

37T973 

23*996 

3300* 

9*6*2 

30*099 

'2* *'331 

3300* 

9*799 

69.737 

29*289 

9000* 

9.932 

70*773 

33*201 

CH3 |S*03503 38*820 



' ' ' ' 


" *■ 

0* 

7*982 

31*388 

-2*997 

8q. 

7.992 

31*988 

•2*091 

100* 

■ 7i982' 

37*178 

-1*392 

iio* 

9*28 

80*939' " 

“ -1*2902 

200* 

8*8|8 

82.986 

-*97i 

28o* 

9.99 

88*793 

-.8339 

300* 

9.232 

8T7Vie 

.017 


10*089 

09*tl 

*893 

800* 

10*913 

81.833 

2*026 

30p* 

11*881 

83*872 

3*188 

700* 

12*231 

68*808 

9*333 

900» 

12*988 

S7»o9 ' 

S,S8f 

1000* 

18. ©9 

30*098 

9.28 

1200* 

I8.1Q9 

*2*78 

ll*2l3 

|800* 

18.939 

38.188 

19*321 

1*00* 

13**02 

37*317 

17.879 

| 800 « 

17*129 

69.308 

20*983 

2000* 

17*888 

7|*I3| 

28.822 

2300* 

19*029 

T3*3|8 

29*732 

2*00* 

1**39 

78*981 

38.223 

3000* 

19*713 

78*So3 

82*399 


19*901 

60*299 

89.293 

336o* 

l9*o88 


Sr.986 

9000* 

iKTW 

83**3^ 

*1*338 
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Table 7-1 

(Concluded) 

(Hio 

30*027 *27.700 




7,999 93*986 -1^9975 

0*0 


7.9«i9 

93*986 


•2*395 

5o* 

100* 


7. 999 

93*979 


-1*60 

l5o* 

7.978 96*697 -1*2036 

200* 


8.007 

98.996 


• *809 

2So*~ 

5.291 50*756 •*''017 

300* 


6.97S 

S2.3I3 


*016 

900* 

7,385 59.569 .906 

SOO* 


I0*9'6 

s>.o^ 


1*665 

60 o* 

nTTft Sr.UTf 27991 

700* 


I2*6U& 

60*731 


9*20 

8Q0* 

13.35 62*659 5.995 

1000* 


M*«i7 

6S*8||6 


8*322 

1200* 

15.593 68.605 11.395 

MOO* 


16.693 

71.121 


|9.66 

I6o0* 

17.291 73*391 15.062 

|800* 


17.796 

7S.95S 


21*567 

2000* 

18.095 77*393 25.|S3 

2300* 


|8.9S3 

79,90 


30*693 

26 o 0 * 

15.76 52*159 36.232 

3000* 


19.019 

89.088 


93.791 

3300* 

19.159 B6*7q7 99.5|8 

3«00* 


19.268 

00.379 


58*283 

*•000* 

19,379 _ _90*9i5 6^019 

CHO 

29*017 

•2.900 





0*0 

100* 


7.999 

7.999 

93.981 

99.93 


•2*387 

-1*593 

So* 

iSo* 

7.999 93*981 -1.99 

7,979 95*199 -1,1953 

200* 


7.999 

S0*997 


-.796 

2So* 

5.135 52*235 -.39515 

300* 


■Rviri 

S3T7J9 


*ei? 

60o* 

5.703 5V.17I 

SOO* 


9.189 

50.169 


1*758 

600* 

9.66 59.551 2.7q 

700* 


10*108 

61.909 


3*689 

BOo* 

10*515 ■ 62*751 9.92 

1000* 

MOO* 


ll*2|6 

12*172 

65.206 

69.196 


6.896 

11.091 

1200* 

1600* 

11.755 67.301 9.196 

ir.959 70*“793 T9. 059 

ISOO* 


12*732 

72.279 


16.582 

2000* 

12.921 73.63 I9.|98 

2300* 


T3T|33r 



ZJ.058 

2*O0* 

I3T2B6 77*071 27.022 

3000* 


13*93 

78.98} 


32.367 

33o0* 

13.508 80*267 36.908 

3600* 

N| 

1*0 

H2 


13*S69 

81.995 


90.97 

9000* 

13.631 ^2*875 95. 9H 

1*0 

1*0 

2.0 1*0 

1*0 

6.0 1 

.0 1 *0 

liO”I*0"T.O l*O~r.O~T.0 1,0 

~r*TT 

1 tO 

MO 3T0 •Oliy 

2*9 

T0*ii r 

*B l.v 

1.0 i*0 1*0 1*0 1*0 1*0 1*W 

H3 

1*0 

1*S 

3*0 1*0 

1*0 

10*0 r 

*0 T*0 

1.0 1*0 ~>*0 20*11 TfO ' 1*0 ' 1*0 

H 

♦OH 

♦HI 

•H20 

♦ Ml 



22 6.10-26 2.0 0.0 

0 

♦ H 

♦Ml 

•OH 

♦Ml 



■ 21 1.00-22 0,0 H.H 

0 

*0 

♦Ml 

•02 

♦ Ml 



29 3.50-20 1.0 -390,0 

M 

♦H 

♦M2 

•H2 




22 2*80-30 1.0 Ol5 

CO 

♦0 

♦M3 

•C02 

♦M3 



23 2*00-23 0.0 -9000.0 

OH 

♦H 


• H2 

♦ 0 



19’ 1 .90-19-1.0' -7000,0” 

ON 

♦0 


•H 

♦02 



II 9.00-11 0.0 0.0 

OH 

♦H2 


•H20 

♦ H 



19 1*00-17-2.6 -2900*0 

OH 

♦ CO 


• C02 

♦ H 



19 I.I0-I9-2.0 1600.0 

OH 

♦ OH 


•h20 

♦0 



13 I.OO-U 0.0 -1100.0 

CHH 

♦OH 


• CH3 

♦H20 


13 9.7 -l| -5000.0 

CH*! 

♦H 


• CH3 

♦ H2 



13 2.9 .1| -5000.0 

CH** 

CH3 

♦0 

♦0 


•CH3 

•CH20 

♦OH 

•H 


- - 

13 3*5 -n ?9|00*0 

II 1*1 -lo 

CH20 

♦OH 


•CHO 

♦ H20 


12 9.0 -13 -.5 

CH20 

♦H 


•Ch6 

♦HJ 



13 772 -n =2560.0 

CH20 

♦0 


• CHO 

♦ OH 



II 1*6 -13 

CH20 

♦ Ml 


•CO 

♦H2 

♦Ml 


53 3.5 -05' ~-35000*0 

CHO 

♦ OH 


•CO 

♦H20 


II 2*1 -to 

CHO 

■'♦M 


•CO 

♦N2 



" 13 5*3 -ri =TOOO0*O' 

CHO 

♦ 0 


•CO 

♦OH 



II 2*1 -10 

CHO' 

♦ 02 


• CO 

♦H 

♦02 


73 f^3 -l| 7i6‘o0’70 

CHO 

♦Ml 


• CO 

♦ H 

♦Ml 


53 1.2 -lo -15000*0 
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Table 7-2 H^/O^ FINITE RATE CHEMISTRY DATA SET 


24 

4 2 e 

■' C 

21 a 





H 

i,::8 

72. r 2 






0. 

4,968 

14.3«2 

-1.981 

SC. 

4.968 

19,382 

-1.233 

13n. 

4,36>> 

2t.4o5 

-0.984 

ISO. 

4.968 

23.97“ 

•0.736 

r K* 

• .'’66 

25,433 

-3.488 

250. 

4*968 

26.517 

-0.23“ 

33?. 

4.468 

27.403 

0.309 

4GC. 

4.968 

28.85T 

0.506 

5 J3. 

4.466 

29,961 

1.103 

6:n. 

4.968 

30.867 

1 5 

Tin, 

4,468 

31.632 

1,996 

9CC. 

4.968 

32.2“6 

2 . *93 

1C03. 

4.168 

33.4.14 

3.487 

120 c. 

4.968 

34.310 

4,481 

V40C. 

4.168 

35.075 

5,474 

1601. 

4.968 

35.739 

6,468 

18T0, 

4.868 

36,325 

7.461 

200C. 

4.968 

36.84“ 

B.«55 

2303. 

4, Its 

37,539 

9,946 

2607. 

4, “68 

38,152 

11,436 

3003. 

4.968 

38.862 

13.423 

330C. 

4,968 

35,3“4 

14, “23 

3600. 

4.968 

39.92b 

16.423 

4070. 

4.968 

40.636 

18.410 

H2 

2.:i6 

... } 






0. 

5.393 

20.649 

-1,834 

5J. 

5.393 

20.64° 

-1.535 

lor. 

5.393 

24.357 

-1.265 

150, 

5.455 

26.586 

-0,““4 

200. 

6.518 

26.52'' 

-0.662 

25C, 

6.7C6 

29.995 

-0.331 

33<’. 

6.394 

31.251 

0.013 

430, 

6.975 

33.247 

C .797 

SCO. 

6.993 

34,906 

1.436 

60C. 

7.009 

36.082 

2.1?6 

TOO. 

7,?36 

37.165 

2.8C8 

acc. 

7,787 

38.1C7 

3.514 

ICOO. 

7.219 

39,732 

4.944 

120C. 

7.390 

41.C33 

6,414 

1403. 

7.6 10 

42.187 

7.932 

1600. 

7.«23 

43.217 

9,446 

1800. 

8.J16 

44.151 

11.30 

2000. 

8.195 

45.104 

12.651 

2300. 

8.432 

46,16 J 

15.157 

260C. 

8.639 

47.213 

17.7"8 

3000. 

8.859 

4-^,465 

21.213 

330-. 

9.0 

49.6 

25.0’'1 

3600. 

4.3 

5 7.8 

25. CO 

4C03. 

“.4 

53.0, 

28.0':- 

H20 

18. jie 

-57.798 






3.0 

n,7 

".1 

-2.367 

50. 

3.9805 

18.198 

-l.“7* 

130. 

7.961 

36.396 

-1.581 

150. 

7.965 

39.155 

-1.18 

230. 

7.969 

41.916 

- ,7.84 

250. 

7, “98 

43.535 

- .184 

303. 

8. J27 

45.155 

.115 

400. 

8.186 

47.483 

.“25 

SQQ. 

8.415 

♦ '7.334 

1.654 

6C9. 

8.676 

50.891 

2.509 

700. 

8,954 

52,249 

3.393 

809. 

9.246 

53.464 

4.330 

1303. 

9,851 

55.591 

6.2 '9 

1210. 

10.444 

57.440 

8.240 

1433. 

13.967 

59.042 

10.384 

i6:o. 

11.462 

6?.5“1 

12.633 

1413. 

11.169 

61.965 

14,964 

2100. 

12.214 

63.234 

17.373 

2303. 

12.634 

64,971 

21.133 

26V0. 

12.965 

66,540 

24.145 

3?30. 

15.334 

6 • .42 1 

30.2C1 

3700. 

13.503 

6“.698 

34.223 

3603. 

13.o64 

-> .«e 1 

38.303 

4 3 00. 

13.150 

72,330 

45.805 

0 

16. 

59.550 






0.0 

3. J 

-.3 

-l.6w8 

50. 

2.833 

16.233 

-1.354 

103. 

5.666 

32.466 

-1.380 

150. 

5.6'»0 

34.4C3 

-.751 

2C3. 

5.434 

36.541 

-.523 

250. 

5.335 

37.420 

-.257 

33<1. 

5.235 

36.571 

.310 

400, 

5.135 

39,991 

.525 

533. 

5. )81 

41.131 

1.338 

600. 

5.049 

42.054 

1.544 

733. 

5.729 

42.831 

2.748 

8.10. 

5.115 

43,511 

2. '50 

1 10 3. 

4,9<?o 

44,619 

3.552 

12 ^ 0 , 

4. “90 

45,529 

4.551 

1431, 

4,984 

46,298 

5.543 

16C0. 

4,991 

46.963 

6.544 

1830. 

4.979 

47.55 J 

7.540 

2009. 

4,978 

48.C74 

8.536 

2303. 

4,980 

49.770 

10.329 

2600. 

4,986 

49.381 

11.524 

3300. 

5.104 

5 .?96 

13.522 

3300. 

5.f!25 

50.573 

15.026 

3600. 

5.750 

51.312 

16.537 

4000. 

5.191 

51.546 

19,565 

OH 

17.338 

9. ’3 






9.3 

3. 1 

..0 

-2.107 

50. 

5.7835 

17. “26 

-1.77“ 

100. 

7,567 

7 . 5.552 

-1.451 

15C. 

7.488 

38.436 

-1. .7“ 

200. 

7.319 

41.121 

- .777 

250. 

7.2215 

42.8“1 

- .347 

3J0. 

7.134 

43.96? 

.013 

410. 

7. "77 

46.CC6 

.724 

509. 

7. 349 

47.5a2 

1.4 30 

800. 

7. 153 

4B.867 

2.134 

700. 

7.387 

49.956 

2.941 

*■00. 

7.148 

59, “--t 

3.553 

tr.i. 

7.329 

72.52 . 

5.C 

12o3. 

7.548 

55.375 

6.487 

1400. 

7.764 

58.355 

8 . Cl 4 

16 70. 

7.963 

56.1;;3 

9.5“1 

1833. 

8.136 

57, ,'5 3 

11.2'2 

2100. 

8.285 

57.918 

12,4“6 

2300. 

a. *71 

5 - . 38“ 

15.758 

260C. 

8.b2l 

60.137 

17. “23 
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Table 7-2 (Concluded) 


1..00. 

“.T7<» 

^ 1 * 5 ' 2 

21.«'’9 

i:io. 

P.975 

62.223 

2*.:52 

56 SO* 

d.ns 


26.726 

9 " 0 3 . 

■». '96 

63.997 

n.327 

.12 

32. 







O.S 

1. . 

* *> 

-2.075 

53. 

3.9 79 

r‘.7i> 

-T. :2- 

IJO. 

6.15S 

»1.9 .2 

-1.391 

150. 

6.»595 

93.819 

-l.',33 

2J0. 

6. >61 


- .665 

250. 

6.992 

*7.691 

- .336 

500. 

7. "23 

♦ ‘>.359 

.315 

930. 

7.196 

51.097 

.723 

SOO. 

7.«31 

3c .727 

1.951 

600. 

7.670 

31.103 

2.213 

TOO* 

7."«3 

5=.3 2 

2.997 

»:o. 

A. 063 

56.367 

3.765 

1*00. 

P.536 

3.‘.157 

5.927 

1209. 

9.527 

59.735 

7.111 

1«Q0. 

S.67« 

61*161 

8.9 31 

1650. 

9.9P0 

62.227 

10.562 

IdCO. 

9.’n& 

35.27) 

12.351 

2 -:oo. 

9.029 

61.216 

11.198 

2500. 


65. I*** 

16.S92 

2600. 

9.551 

66.626 

19.661 

5300. 

9.351 

67.97f» 

23.116 

3300. 

9.602 

68.895 

26.331 

3600. 

9.799 

60.792 

29.251 

9000. 

9.932 

70.762 

33.201 

•<1 








1.0 

l.J 3.0 

1.0 1.3 

1.0 





'12 








20.3 

2.5 13.3 

i.c ).: 

1.0 





H 

*OH 

♦HI =»20 

♦HI 


22 6.1-26 

2.0 

O.C 

0 

• H 

♦■1 =OH 

♦HI 


21 2.0-32 

0.0 

0.3 

•J 

*0 

♦HI =02 

♦HI 


29 3.8-35 

I.C 

-310.0 

H 

♦ H 

♦H2 =H2 

♦t»2 


22 2.9-30 

I.C 

9.0 

3H 

♦M 

=H2 

♦0 


11 1.1-11 

-1.5 

-7C03.C 

OH 

♦ 1 

=H 

♦02 


11 1.0-11 

C.O 

0.0 

OH 

♦ti2 

=H20 

♦ H 


11 1.0-17-2.5 

-2909. 5 

OH 

♦ OH 

= h20 

♦0 


13 1.3-11 

3.C 

-1109.1 
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Table 7-3 0,/RPl FINITE RATE CHEMISTRY DATA SET 


24 3 I' 21 J 


CO 

24. >1 -'4.4: 






]. 

‘t.613 -1.374 

53. 

6.956 

39.613 

- 1.379 

IdO. 

6. '’56 I-’. 613 

- 1.379 

152. 

6.956 

*2,024 

-1.031 

2 :0. 

S.457 44,455 

-3.665 

250. 

6. “61 

45,846 

-0.335 

1 J3. 

6.-»b5 47. 257 

t! . 5 1 3 

430. 

7.C13 

*9.265 

0.711 

33. 

7.121 =-.441 

1.417 

609. 

7.276 

52,152 

2.137 

7 JO. 

7.450 53.287 

2.673 

3"9. 

7.624 

54.293 

3.627 

1 ^OD. 

7.'»31 '6,^2i 

5.163 

1203. 

8.168 

57,496 

6 . 79 * 

14C0. 

4.?46 •'■'.764 

8,446 

1600. 

8. 480 

59.893 

10.130 

1^03. 

b.5.-.3 6. ’.648 

11.836 

2 coa. 

8.66* 

61.8C7 

13.561 

2300. 

8.756 63.924 

16.175 

2600. 

8.925 

64.1C2 

18.813 

s-'ia. 

3.3“5 ‘5.379 

22.357 

3300. 

5.937 

66.220 

25.032 

3630. 

6‘-.44'J 

27.719 

4300. 

9.014 

67.946 

31.316 

C02 

44.9399 -96.-54 






3. 

S.®"! 42.754 

- 1.543 

51. 

6.991 

42.758 

-1.5*3 

130. 

6.981 42.759 

- 1.543 

153. 

7.437 

45.263 

-1.17“ 

200. 

7.734 47.7f5 

-3.816 

250. 

8.515 

49,448 

-0.400 

330. 

5.396 51.127 

0.316 

430. 

9,877 

53.83C 

C.958 

5J3. 

13.666 56.122 

1.987 

610. 

11.310 

58.126 

3. "8 7 

73tl. 

11.446 5". 91^ 

4.2*5 

910. 

12.293 

61.522 

5.453 

1 iCO. 

12.480 64.344 

7.994 

1200. 

13.866 

f6.756 

10.632 

1430. 

13.815 63.859 

13.362 

16)0. 

14.174 

71.722 

16.152 

U03. 

14,269 

18.987 

2)00. 

14.42* 

73.9C3 

21.857 

2330. 

14,632 75,931 

26.212 

2630. 

14.734 

77,730 

30.613 

3 JOO. 

14,473 79.546 

36.535 

3330. 

14.956 

81.27C 

41.313 

3605. 

15.J30 52.574 

•5.5C5 

4300. 

15.119 

84.162 

51.538 

H 

i.:-.9 52 . 1:2 






0. 

4.965 19.332 

-1.481 50. 

4,968 19.582 

-1.233 

1 ‘J ^ . 

4.-»6^' 21.965 

-O.^s* 150, 

4.968 23, “7= 

-9 736 

9. 

4.96- 25.4 -a 

-0,468 250. 

4.968 26.517 

-■>.239 

309. 

4.964 27.423 

o.":' 

» 4fC. 

*.*58 26.852 

c.9-;6 

S09. 

4.965 20.961 

1. i: 

3 6 : 2 . 

4.968 36.867 

1.5 

700. 

4.96^ 31.632 

1,896 8CC, 

4.966 32.296 

2. *■*3 

1303. 

4.965 33.430 

3.467 

12C:. 

4.968 

54 . 31 c 

4.*81 

1430. 

4.9f« 35.075 

5.474 

i6or* 

4.968 

35.739 

6.46* 

1303. 

4.96*> 36.325 

7,461 

2)‘>'. 

4.969 

3t .8*8 


2330. 

4. '>65 37.530 

9,946 

26 6 4* • 

4.968 

38.152 

11.4'6 

3393. 

4.9f8 34.862 

13.423 

33C% 

4.968 

39.394 

14. '••2 5 

3603. 

4,960 39 . “26 

16.423 4:<'C. 

4.968 40.636 

18. *1' 

H2 

2.916 






9 . 

5.393 20,64‘: 

-I.**)* 5-», 

5.393 2". 6*8 

-1.535 

130. 

5.393 2*. 3-7 

-1.265 150. 

5. 455 26.56S 

-C.^l* 

200. 

6.51-. 28.520 

-4.662 253. 

6.786 29.995 

-'*.351 

330. 

6.594 31.251 

o.ais 4C0. 

6.975 33,247 

1.737 

S60. 

6 . =95 34,G!6 

1.4S( 

6 600. 

7,339 36.C82 

2.106 

’00. 

7.:36 37,165 

2.8i!fl 803. 

7,187 38, 1:7 

3.514 

1303. 

7.219 3°. 702 

4.944 

1200. 

7,393 

41.C33 

6.4'4 

1400. 

7.6:: 42,127 

7.902 

16CC. 

7.823 

43.217 

“.<•46 

1800. 

a. 916 46.153 

11.430 

2)00. 

8.I85 

45.C04 

12, ( -1 

2303. 

8.432 46,163 

15.157 

2600. 

8.639 

47.213 

17,7'*3 

3300. 

«.859 48, *65 

21.213 

330C. 

9,0 

4®. 6 

23.3 .0 

3693. 

8.3 5i,9 

25, 3 

430C. 

9,4 

53,8 

25. >n 

H20 

15.916 -‘:7,79B 






0.3 

.0 

-2.367 

SO. 

3.9805 

18.159 

- 1 . 97 * 

100. 

7.961 ’6.396 

-1.561 

150. 

7,965 

39,156 

-1.1« 

200. 

7,969 41,916 

- .764 

250. 

7,998 

45.535 

- .586 

330. 

?.J27 45.155 

.015 

430. 

8.186 

*7.483 

.825 

500. 

8.415 49.334 

1.654 

6C0. 

8.676 

50,891 

2.5C9 

733. 

8.954 52.249 

3.391 

800. 

9,2*6 

53.464 

4. 310 

1393. 

9.»51 5 '-, 591 

6.2 9 

1220. 

10.444 

59 . **0 

8.24- 

1480. 

IJ.987 '■'■.392 

1 1.3-4 

161.3. 

11.462 

6f.5“l 

12. 6S: 

1430. 

ll.«69 51.965 

14.164 

2130. 

12.214 

63.234 

17,573 

2300. 

12.634 64.971 

21.133 

2600. 

12,965 

66.540 

24.945 

3030. 

13,33* 60.42'. 

30,2''! 

33C0. 

15.503 

6“,6*1 

34.22! 

36C 0 . 

13.66“ 7:,8-r 

38.3CJ 

4000. 

I3.850 

7?.33» 

43.«t5 
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0 

1( . 


S* .55- 







9,k 



! .3 

-1.6f* 


50. 

2.6 33 

16.233 

-1.354 

19C. 




-i.:>f 0 


15 r. 

5.63C 

34,413 

-.75 1 

2 $b» 

5.4J4 


*6.34( 

-.525 


25 J. 

5.355 

37.42( 

-.25 7 

3?3. 

5.735 


?J.5'1 

,cir 


♦ f ?. 

5.135 

39.991 

,52* 

590. 

5. .21 


41.131 

1,?50 


63C. 

5, '•.♦9 

42,054 

1.54A 

790. 

5.. -24 


4?.§:i 

2.li^ti 


H r c . 

5.915 

43.5U 

2.55C 

1 OGC. 

4. =44 


44.61= 

3,5*2 


12 :o. 

4.99C 

45.52= 

4,551 

1«0C. 

4.9*>4 


♦6.295 

5.546 


16 26. 

4.961 

46.9* 5 

6.544 

1690. 

4.47'» 


47.55 t 

7.5=0 


2CCC. 

4,976 

46.074 

0.536 

2300. 

4.4*0 


• ‘•.77C 

10.529 


26C5. 

4.906 

49.3*1 

11.524 

3006. 

5.;j4 


5.. 0=6 

13.522 


?:co. 

5,tJ25 

50.573 

15.326 

3600. 

5. '50 


51.C12 

16.537 


♦ :rc. 

5.991 

51.546 

19.565 

OH 

i7.;,oe 


9.5: 







0.9 

0.'< 


:.o 

-2.1 f 7 


5C. 

5,7631 

17,«;6 

-1.77“ 

ICO. 

7.567 


5=.f 52 

-1.451 


isr. 

7,466 

•»,4:f 

-1.07= 

299. 

7.539 


41.021 

- .7-7 


25t, 

7.2215 

42. 6=1 

- .347 

300. 

7.134 


♦3.942 

.013 


♦ CO. 

7,977 

46.006 

.724 

soo. 

7.34= 


47.5*2 

1.430 


6CC. 

7.953 

49.667 

2.15^ 

700. 

7.307 


♦=.956 

2.6^1 


HCO. 

7.146- 

51.906 

3.5-53 

ICOO. 

7.329 


52.52: 

5.L 


1200. 

7.546 

53.67= 

6.» -7 

1409. 

7.764 


=5.95= 

6.016 


16CC. 

7.963 

56.105 

9,5=1 

1400. 

0.136 


57.357 

11.202 


2S91. 

6.265 

57.91* 

12.496 

2330. 

0.475 


5".C«= 

15.?56 


lore. 

9.621 

6C.137 

17.«23 

3 :cc. 

f .776 


61.5*2 

21.4C4 


339b. 

8.873 

62.223 

2=.05? 

3600. 

0.955 


62.==9 

26.726 


«;09. 

9.946 

63.9^7 

30.327 

02 

32. 


• ^ 







0.: 

£.:> 


-.0 

-2.175 


59. 

3.479 

2C.701 

-1.72* 

19C. 

6.558 


♦ 1.4:2 

-1.361 


15C. 

6.9595 

43.006 

-1.V33 

290. 

6. =61 


♦ 5.225 

- .665 


25 e. 

6.892 

•7.641 

- .336 

33b. 

7.C23 


•=.C5* 

.013 


♦ 30. 

7.196 

51.0=7 

.723 

560. 

7.431 


51.727 

1.454 


606. 

7.673 

54.1C3 

2.210 

790. 

7.503 


55.3' 2 

2.9t7 


* VC. 

6.063 

56.367 

3.7S5 

1 30C. 

6.536 


55,197 

5.427 


12CC. 

6.527 

59.735 

7.114 

1400. 

0.674 


61.061 

6 . 6:4 


16T9. 

0.800 

62.227 

10.582 

16S6. 

0.916 


*5.27j 

12.354 


2 :cs. 

9.329 

64.216 

14.146 

2300. 

9.194 


65.^*? 

16.662 


26=:. 

9.354 

66.626 

19.664 

3C09. 

9.551 


67.97* 

23.446 


3:;s. 

9.6=2 

66.6=5 

26.331 

3606. 

10 t 

9.799 


6=.762 

29. 254 


♦ C f . 

9,952 

7:.7f2 

33.201 

• 1 

1.0 

2.' 1.2 

1. 

' 3.1 

l.C l.n 

1. 

c 




•52 










1.1 

3.1 2k . £ 

2. 

5 10- ■ 

l.C 1.9 

1. 

c 




N3 










1.5 

3, 9 1.0 

1. 

: ir, ; 

i.r 1.0 

24, 

9 




H 

♦ OH 

♦HI =H2C 

♦HI 



22 6.1-26 

2.C 

O.C 

0 

♦M 

♦t»l eOh 

♦HI 



21 2,0-32 

6.: 

O.C 

0 

♦ 9 

♦HI =02 

♦•1 



24 3.P-5C 

1.0 

-340.0 

H 

♦ H 

♦H? SM2 

♦•2 



22 2.0-3? 

l.C 

0.: 

CO 

♦ 0 

♦H? =C02 

♦H3 



23 2.0-33 

r.c 

-4coo,e 

OH 

♦H 


=H2 

♦0 



14 1,4-14 

- 1.3 

-7500.'* 

OM 

♦ f> 


=H 

♦ 02 



11 4,0-11 

8.C 

o.k 

OH 

•h2 


= H20 

♦ h 



14 1.0-J7 

-2,0 

-2»09.0 

OH 

♦CO 


= C02 

♦M 



14 1.1-19 

-2.0 

1693. r 

OH 

♦ OH 


=M20 

♦? 



13 1.0-11 

o.c 

-1100. r 
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r* 2. 

5 2* 

a 

1 

21 0 

1 








CO 

2^. VI 

-26 

•92 











It. 


59, 

613 

• 

1.579 


5t, 

6.*'‘6 


59. 

613 

-1 

.379 

l.Z. 


3«», 

613 


1.379 


ISO. 

6.956 


92. 

024 

-1 

.831 

• 

fc.^‘7 

99. 

935 

• 

1 . 8.93 


250. 

6.961 


9*. 

846 

-1 

U535 

sna. 

fc.«rS5 

97. 

25 7 


:.oi3 


400. 

7.513 


99. 

265 

( 

>.711 


7.121 

5.. 

89 1 


1.917 


600. 

7.276 


52, 

152 

2 

U137 

7 JO. 

7. *55 

53. 

28 7 


1.873 


acc. 

7.6 24 


5*. 

,2^3 

3 

1.627 

i:*sc. 

7.931 

56. 

.'2'^ 


5. 183 


12CC. 

8.168 


*7, 

496 

C 

..794 

M&C. 

a.;*6 

«9. 

71.0 


1.9*6 


I 6 CC. 

8.480 



89* 

la.ist 

l«O0. 

fc.iKS 

fk J • 

899 

1 

1.8 36 


200 c. 

8.664 


»1 • 

,807 

13.561 

25C 

a. 756 

63. 

C29 

16.175 


28EC. 

8.825 


a 

. 10 ; 

18.813 

S M « 

2.r®5 

b* • 

37 f: 

22.357 


33CC. 

8.957 


66 . 

,221 

25.032 

S(«C. 

a. 973 


«)»« 

27,719 


4C0C. 

9. Cl* 


67. 

.94 6 

31 

1.316 

CC2 

*9.;J99 -05 

'.1.53 











c« 

6.9p1 

92. 

,75« 


1.593 


50. 

6.981 


42, 

.758 

-1 

1.543 

1 • 

6.9«l 

92. 

.758 

* 

1,593 


150. 

7.9C7 


45, 

.26 3 

-1.179 


7, 75* 

97. 

,7f9 

* 

• .616 


250. 

8.315 


49 , 

.448 

-a.4ca 

SIC. 

a,r*»6 

51. 

,127 


• .016 


4CC. 

9.8 77 


53.a3C 


1.958 

^co. 

ia.S66 

56, 

.122 


1.987 


6S0. 

I1.31C 


58, 

.126 


1.087 

TCt. 


5“. 

.91 ' 


4.295 


BCG. 

12.293 


61. 

.522 

0 

3.453 


12. "Sw 

6* a 

,399 


7.989 


1206. 

13.966 


66, 

.756 

18.63? 

i«ce. 

13. M5 

t»f. i 

.850 

13.562 


1600. 

19.C79 


75, 

.722 

16.152 

ibu ii • 

19.269 

72.391 

18.987 


2C06. 

19,929 


73, 

.“03 

21.857 

23CC. 

19.60C 

75- 

.031 

26.212 


26 Of. 

19.739 


77, 

.73f 

36.613 

5ic:. 

19.K75 

TO. 

,•98 

36.535 


?5CC. 

l*.“56 


81.27C 

41.310 

3b(.C. 

15.033 

*2. 

.579 

95,5f8 


400C. 

15.119 


84, 

.162 

51.538 

t1 

l*4rG^ 

52.162 













.568 

19 

.3^2 

-1 

.96] 

1 5S. 

9 

.968 

19 

.38? 

-1.235 

i;o. 


.9fa 

21 

.065 

-e. 

.*89 155. 

9 

.®t8 


.979 

-0.736 

2-0. 


.968 

25 

,9 0fl 

-c 

.988 255. 

% 

.968 

26 

.517 

-0.259 

3iJ. 


.«68 

27 

.923 

0 

.•)69 90r. 

9 

.968 

20 

.852 

0.S06 

fee. 


.«6« 

25 

.961 

1 

.703 600. 

9 

.968 

3C 

.86 7 

1.5 

7 .w« 


.968 

31 

.652 

1 

.996 80C. 

9 

.968 

32 

.296 

2.493 

me. 


968 

35.' 

909 

*•' 

987 

12C0. 


96 8 


34. 

SIC 

4. 401 

14C-. 


968 

35. 

C75 


979 

1600. 

4,' 

968 


35, 

739 

6.468 

lecc. 

4. 

':6S 

36. 

325 

7 . 

961 

2060. 

4.' 

968 


36.: 

848 

8.455 

*» » r. : . 


966 

37,' 

539 

9 .' 

996 

2660. 


468 


38. 

152 

11.436 

Sit.. 

%• 

96 8 

38.1 

B62 

13, 

923 

3 360, 

9. 

468 


39, 

394 

14.925 

3 1 ^ w« 


.568 

50 

.926 

16 


9 

.960 

41 

.636 

18.410 

H2 

2.t 16 

Z • 1 

t 











C. 

5 

.393 

2C 

,699 

-1 

•809 5li. 

5 

,34 

5 

2C 

.649 

-1.535 

1 -C. 

e 

.a 

.393 

29 

.S‘-T 

-1 

•265 150. 

C 

.95' 

5 

26 

.586 

-0,996 

2-5. 

6 

.5 IB 

26 

.520 

— W 

#1*6? 23 4 m 

6 

.7C6 

2' 


-0,531 

;ta. 

6 

.659 

31 

.251 

c 

• 'll 

3 405. 

6 

.“75 

33 

.2*7 

».7«7 

f -0. 

6 

.593 

39 

• C! v6 

1 

.9C6 6C3. 

7 

.5C9 

36 

.082 

2.106 

7 

7 

.• J6 

37 

.165 

2 

,Br« PC':, 

7 

.087 

36 

.187 

3.519 

ucc. 

7. 

219 

39. 

762 

9. 

999 

1260. 

7. 

3“t 


41. 

C33 

6.99* 

KCC. 

7, 

6-t 

92. 

187 

7. 

732 

ICCu. 

7. 

#23 


43 . 

217 

9.996 


f.. 

( It 

99, 

15 ; 

11. 

73C 

20C0. 

8. 

195 


45 . 

804 

12.651 

23t:, 

P. 

932 

^6 • 

160 

15. 

157 

2660. 

8. 

639 


47, 

213 

17,738 

ivc:. 

9. 

859 

98. 

965 

21. 

21C 

33CC. 

9. 

5 


4", 

6 

23. COO 

•6't. 

*». 

■» 

56. 

P 

25. 

ce 

4056. 

9. 

4 


53, 

C 

2B.0C0 

h20 

1R.(.16 


7.70 

fi 











a.. 

V 

.C 

-2.367 


56. 

3.9B05 

18 

. 19 a 

-1.974 

1(|C. 

7.«bl 

36 

.396 

-1.581 


150. 

7.965 

39 

.156 

-1,18 

2CC. 

7.969 

91 

.916 

- .78* 


250. 

7,998 


43 

.535 

* 

.389 

20L. 

8.027 

9f. 

.155 


.015 


436. 

F..106 

47 

.483 


.025 

;>c:. 

*!.915 

99 

.339 


1.659 


600. 

8.676 


5C 

.891 


2.509 

7CC. 

8.959 

52 

.299 


3.390 


S8C. 

9,296 


32 

.464 


9.300 

I -cc. 

9.P51 

55 

.591 


6.279 

120C. 

IC .999 


57 

.441 


8.290 
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t«44. 

10.007 

59.092 

10.304 

tM«. 

11.060 

61 .965 

14.964 

2S«0. 

12.634 

64.971 

21.1C3 

)«>••• 

15.304 

64.420 

38.201 

SM«. 

13.660 

70.885 

30.300 

e 


59.559 


i.ft 

0.0 

0.0 

-1.668 

IM* 

S.666 

32.466 

-1.608 

200 • 

S.4S4 

36.340 

-.523 

590. 

S.23S 

38.591 

•810 

sac. 

S.bOl 

41.131 

1.930 

700. 

5.C29 

42.831 

2.640 

1^00. 

4.999 

44.619 

3.552 

1«0C. 

4.904 

46.298 

5.540 

1000. 

4.979 

47.55. 

7.546 

2300. 

4.900 

48.77: 

10.029 

3C00. 

S.0O4 

5a.G96 

13.522 

3«a0. 

S.050 

51.012 

16.537 

OH 

17.008 

9.33 


0.0 

0.5 

O.C 

-2.1C7 

100. 

7.S67 

35.052 

-1.451 

200. 

i.sa9 

41.021 

- .767 

30S. 

7.134 

43.062 

• 013 

S0C. 

7.M9 

47.582 

1.430 

700. 

7.507 

49.956 

2.041 

1300. 

7.329 

52.420 

5.0 

10C0. 

7.764 

55.655 

8.018 

ma. 

6.136 

57. .53 

11.202 

23C0. 

8.479 

59.089 

15.350 

3^90. 

8.778 

61.382 

21.4S4 

3600. 

8.9SS 

62.999 

26.726 

G2 

32. 

0.6 


0.5 

3.4 

0.0 

-2.075 

ICO. 

6.958 

41.402 

-1.381 

2C0. 

6.961 

46.225 

- .60S 

300. 

7.623 

49.C54 

.013 

saa. 

7.431 

52.727 

1.454 

7oa. 

7.083 

55 .302 

2.987 

1500. 

8.336 

58.197 

5.427 

1400. 

8.674 

61.061 

8.8S4 

1000. 

8.916 

63.278 

12.354 

2300. 

9.194 

65.489 

16.882 

3.100. 

0.551 

67.078 

23.446 

3600. 

9.199 

69 .742 

29.254 

CL 

3S.4S7 

20.922 


3. 

4.969 

33.955 

-1.002 

150. 

4.969 

33.955 

-1.602 

200. 

5.030 

37.412 

-0.533 

360. 

5.223 

39.488 

O.OIC 

soo. 

5.436 

42.220 

1.061 

700. 

5.424 

44.350 

2.160 

1900. 

5.314 

45.067 

3.780 

1400. 

5.197 

47.735 

5.880 

10OC. 

5.125 

49.C31 

7.043 

2300. 

5.073 

5C.2R1 

10.492 

saao. 

S.C34 

51.623 

14.020 

3600. 

5.016 

52.539 

17.043 

CL2 

70.906 

3.S 


«• 

7.531 

45.15C 

-1.490 

100. 

7.001 

45.150 

-1.498 


16 OC. 

11.462 

60.591 

12.650 

200C. 

12.214 

63.234 

17.373 

2606. 

12.965 

66.540 

24.945 

3300. 

13.503 

69.690 

34.223 

4006. 

13.050 

72.331 

4S.085 

50. 

2.833 

16.233 

-1.354 

150. 

5.6C8 

34.403 

-.751 

250. 

5.335 

37.420 

-.257 

40C. 

5.135 

59.991 

.528 

600. 

5.049 

42.054 

1.544 

600. 

5.015 

43.501 

2.550 

1200. 

4.996 

45.529 

4.551 

1600. 

4.981 

46.963 

6.544 

2000. 

4.970 

98.074 

0.536 

26 0C. 

4.986 

49.581 

11.524 

3300. 

5.625 

50.573 

15.026 

4000. 

5.091 

51.546 

18.565 

56. 

3.7035 

17.926 

-1.779 

15C. 

7.488 

30.436 

-1.879 

25C. 

7.2215 

42.8«1 

- .34T 

40L. 

7.077 

46 .006 

.724 

6G0. 

7.053 

48.867 

2.134 

000. 

7.148 

56.906 

3.553 

120C. 

7.540 

53.875 

6.487 

160C. 

7.963 

56.105 

9.591 

2696. 

0.285 

57.918 

12.496 

26 OC. 

8.621 

6C.137 

17.923 

3300. 

8.873 

62.223 

24.052 

400C. 

9.646 

63.947 

30.327 

50. 

3.479 

20.701 

-1.728 

15C. 

6.9595 

43.808 

-1.833 

25C. 

6.992 

47.641 

- .336 

40C. 

7.196 

51 .897 

.725 

600. 

7.67C 

54.103 

2.218 

800. 

8.663 

56.367 

3.785 

120C. 

0.527 

59,735 

7.114 

160C. 

0.080 

62*227 

10.502 

2cec. 

9.029 

64.216 

14.148 

2600. 

9.354 

66.626 

19.664 

3306. 

9.682 

60.895 

26.331 

4000. 

9.932 

70.782 

33.201 

50. 

4.969 

33.955 

-1.002 

150. 

5.003 

35.683 

-0.752 

250. 

5.130 

38.45C 

-0.256 

400. 

5.376 

41.013 

0.540 

600. 

5.445 

43.212 

1.625 

030. 

5.389 

44.772 

2.170 

1206. 

5.249 

46.930 

4.836 

1606. 

5.156 

48.426 

6*915 

2000. 

5.161 

49.579 

8*966 

2600. 

5.053 

50.982 

12.011 

3300. 

5.024 

52.183 

15.537 

4006. 

5.007 

57.067 

19.047 

50. 

7.001 

45.158 

•1.498 

150. 

7.228 

47.653 

-1.135 
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2M. 

7.ST6 

50.156 

-8.772 

3M. 

8.119 

55.359 

o.ct? 

SCO. 

8.626 

57.628 

1.69t 

TOO. 

8.621 

6G.56S 

3.665 

l.Ci. 

8.9S6 

63.737 

6.115 

i«oe. 

9,CS1 

66.767 

9.718 

lOGC. 

9.117 

69. CSC 

13.3S2 

2500. 

9.2C3 

71.295 

17.931 

5JOO. 

9.376 

73 . 76 J 

26.629 

5600. 

9.56b 

75.685 

30.116 

HCL 

36.66S 

-2C.fc63 


a. 

6.9*i9 

37.361 

“1.379 

ICC. 

6 . "59 

37.C6I 

- 1.379 

3C3. 

6.9bl 

61 .865 

-0.683 

3 jti • 

6.966 

66.688 

0.G13 

SJO. 

7.006 

68.252 

1.6C8 

TCC. 

7.167 

5:.63£ 

2.823 

1.06. 

7.559 

53 . 25 : 

5. 030 

1«C6. 

8.665 

55.875 

8,155 

IROC. 

8.582 

57,960 

11.665 

25tC. 

8.666 

63. S3? 

15.711 

5aco. 

8.932 

62.366 

21.866 

5600. 

9. £61 

66.00G 

27,269 

N2 

26.3156 

C.O 


0. 

6.956 

3A.17S 

-1.379 

liiC. 

6.956 

38.17: 

- 1.379 

220. 

6.957 

62.9«2 

-0.683 

IJ3. 

6.961 

6*^ .813 

0.313 

SJ&. 

7.C69 

69.386 

1.613 

Tu6 . 

7.350 

51 .606 

2.853 

1 :oc. 

7. 815 

56,507 

5.129 

MOO. 

8.252 

57.212 

8.35C 

1800. 

8.512 

59,321 

11.7C7 

23CC. 

8.7:3 

61 .631 

16.C15 

51G3. 

8.855 

63.765 

22.165 

560 3. 

8.939 

65.387 

27.5C5 

CL- 

35.653 

“"•5.9 


O.w 

C.O 

9.C 

0.0 

ICG.C 

6,96« 

36.658 

c.c 

200. C 

6.96 5 

36.658 

c.c 

3G0.(. 

6.968 

36.658 

c.c 

S3C.9 

6.968 

39.196 

1.303 

7GI.C 

6.968 

6C.A68 

1.996 

i:cc.3 

6.968 

62.66C 

3.687 

16G0.C 

6.968 

66.312 

9,676 

1800. G 

6.968 

6S.56C 

7.661 

25C0.0 

6.966 

66.778 

9,965 

3-3C0.0 

6.968 

68.098 

13.623 

3600. C 

6.968 

69.0C6 

16.636 

£ 

. G *3 C5 688 

U.O 


C.3 

U .0 

0.3 

o.c 

IOC. 8 

6.968 

5.C19 

C.C 

2C0.0 

6.968 

5.019 

C.O 

506. 0 

6.968 

5.319 

0.CG9 

SOC.G 

6.968 

7.557 

1.333 

70C.C 

6.968 

9.229 

1.996 

ICCO.C 

6.968 

11 . on 

3.687 

1600.0 

6.968 

12.672 

5.676 

laoG.o 

6.968 

13.921 

7.661 

230C.C 

6.968 

15.138 

9.965 

3:oo.c 

6.968 

16.658 

13,623 

3600.0 

6.968 

17.366 

16.683 


250. 

7.867 

51,767 

-0.3T8 

«C0. 

8.637 

55.726 

0.845 

AGO. 

8.761 

59.212 

2.567 

• 00 . 

8.878 

61.767 

4. 331 

120 c. 

9.010 

65.375 

7.912 

160G. 

9.086 

67.978 

11.532 

2000. 

9.169 

7C.8I3 

15.179 

26C0. 

9.268 

72.427 

28.701 

33CC. 

9.661 

74.658 

27.255 

6Cet. 

9.665 

76.496 

33.945 

50. 

6.559 

37.041 

-1.379 

15 C. 

6.98C 

39.653 

-1.031 

250. 

6.9f,2 

43.276 

-0.335 

6Cu. 

6.«73 

46 .6"3 

0.71G 

6G0. 

7.069 

49 .534 

2.112 

800. 

7.289 

51.59" 

3.546 

12CC. 

7.819 

54.652 

6.569 

1600. 

8,229 

56.691 

9.783 

290G. 

8.509 

58 .830 

13.155 

26 Cl. 

8.778 

61 .099 

18.327 

3300. 

8.976 

63.216 

24.546 

600C. 

9.115 

69,956 

30.881 

5C. 

6.956 

38.170 

-1.379 

150. 

6.956 

48.586 

-1.031 

250. 

6.959 

44 .402 

-0.335 

608. 

6.998 

47.818 

0.718 

600. 

7.196 

5C.685 

2.125 

SCO. 

7.512 

52,798 

3.596 

120 c. 

8.061 

55 .955 

6.718 

1609. 

8.398 

58.624 

10.015 

2COO. 

8.6C1 

60.222 

13.418 

26 DC. 

A. 703 

62.503 

18.638 

3300. 

8.855 

64.611 

24,829 

6000. 

8.983 

66.331 

31.089 

SC, 

6.968 

36.658 

0.0 

ISC. 

6.968 

36.658 

0.0 

2SG. 

6.968 

56.6S8 

0.0 

60C. 

6,968 

38.088 

0.5G6 

60C. 

6,968 

40.102 

1.5Q0 

800. 

6,968 

41.531 

2.493 

120G. 

6.968 

43.546 

4.441 

18 00. 

6.968 

44,975 

6.468 

2000. 

6,968 

46.084 

8.455 

260C. 

6.968 

47,387 

11.436 

3300. 

6.968 

40,572 

14.914 

6C0C. 

6.968 

49,527 

18.391 

SG. 

4.968 

5,019 

0.0 

15C. 

4, "68 

5.019 

0.0 

250, 

4.968 

5.01" 

0.0 

600. 

6,968 

6.449 

0.596 

600. 

4.968 

8,463 

1.590 

SCO. 

4,968 

9.892 

2.493 

120 c. 

4.968 

11.906 

4.409 

1600. 

4,968 

13.336 

6.467 

2000. 

4,968 

14.444 

8.455 

26 00. 

4.968 

15.748 

11.435 

3300. 

4.968 

16.932 

14.913 

660C. 

4.968 

17.888 

18.393 
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K 

39.1 

21.31 


c.« 

0.6 

0.0 

-l.4*l 

icc.e 

4.966 

32.869 

-C.984 

20C.C 

4.966 

36.313 

-0.488 

see.d 

4.964 

58.327 

C.384 

S4C.fi 

4.966 

4C.865 

1.C63 

TI4.fi 

4.96A 

42.537 

1.996 

icec.c 

4.964 

44.369 

3.487 

146C.fi 

4.97« 

45.981 

5.474 

iaos.4 

4.900 

47.231 

7.465 

ZSfifi.fi 

5.347 

48.463 

9.978 

s'sae.e 

S.409 

49.857 

13.658 

36fifi.fi 

6.24? 

5C.917 

17.152 

K« 

39.1 

122.896 


4.0 

0.4 

C.O 

n.o 

IOC. 5 

4.968 

36.956 

Q.O 

20E.C 

4.968 

36.953 

C.O 

30fi.fi 

4.968 

36.950 

.C09 

SOG.C 

4.968 

39.488 

l.OfiS 

Tfifi.O 

4.968 

41.159 

1.996 

1^00.3 

4.968 

42.931 

3.487 

140fi.fi 

4.96K 

44.603 

5.474 

lAC0.fi 

4.966 

45.852 

7.461 

2360.6 

4.968 

47.C73 

9.945 

3>eo.o 

4.964 

48.39C 

13.423 

3606.0 

4.968 

4®. 245 

16.4C4 

KCL 

74.S55 

-51.31 


U.fi 

3.fi 

0.0 

-2.362 

IfiC.C 

7.576 

48.122 

-1.652 

20C.0 

8.43b 

53.687 

-0.844 

3CC.fi 

4.726 

57. 17b 

0.016 

tkJO.b 

8.93 j 

61.685 

1.786 

730. C 

9.C15 

64.7C5 

3.581 

ICOG.O 

9.097 

67.935 

6.298 

1400.6 

9.182 

71.610 

9.995 

leoo.o 

9.259 

73.327 

13.643 

23Ca.fi 

9.353 

75.607 

18.296 

3COO.O 

9.48? 

78.169 

24.088 

3600. C 

9.591 

74.847 

30.610 

N* 

22.991 

25.755 


5.0 

0.3 

fi.Q 

-1.4M 

100. L 

4.966 

31.286 

-0.984 

240. C 

4.968 

34.73S 

-0.486 

350 .6 

4.968 

36.745 

C.S09 

500. C 

4.968 

39.282 

1.CS3 

790. C 

4.968 

4C.9S4 

1.996 

1000.0 

4.968 

42.726 

3.487 

1400.0 

4.968 

44.398 

5.474 

1600.0 

4.970 

45.646 

7.462 

2300.0 

4.985 

46.866 

9.949 

3600.0 

5.V89 

48.28. 

13.4f7 

3600.0 

5.324 

49.146 

16.582 

NO* 

22.991 

145.755 


4.6 

0.0 

3 • C 

-1.481 

lOC.C 

4.968 

29,908 

-0.984 

200.0 

4.968 

33.352 

-0.488 

300.0 

4.968 

35.367 

0.009 

SU3.fi 

4.968 

37,905 

1.S03 

790.0 

4.968 

39,577 

1.996 

IfiOC.O 

4,968 

41,349 

3.487 

1400.0 

4.968 

43.020 

5.474 

lOCO.O 

4.968 

44.269 

7.461 

2300.0 

4.968 

45.487 

9.945 

3300.0 

4.968 

46.807 

13.423 

3600.0 

4.968 

47.712 

16.4C4 


51. 

4.968 

16.434 

-I.?»2 

150. 

4.968 

34.091 

-0.736 

2SL. 

4.968 

37.328 

•0.2O0 

400. 

4.96* 

4«.7«7 

0.506 

60C. 

4.968 

41.771 

1.5C0 

891. 

4.968 

43.2C0 

2.493 

120C. 

4.968 

45.215 

4.4NI 

160C. 

4.975 

46.645 

6.469 

2C0C. 

5.813 

47.758 

8.465 

2606. 

5.213 

49.094 

11.522 

330C. 

5.8C2 

58.394 

15.349 

4fiOC. 

7.111 

51.616 

19.810 

Sfi. 

4.968 

36.950 

8.0 

159. 

4.968 

36.95C 

8. 0 

25fi. 

4.968 

36.950 

0.0 

400. 

4.968 

38.379 

0.506 

6CC. 

4.968 

4C.399 

1.500 

80t. 

4.968 

41.823 

2.993 

1206. 

4.968 

43.837 

4.481 

160 e. 

4.968 

45.267 

6.468 

2060. 

4.968 

46.375 

8.455 

2600. 

4.968 

47.679 

11.436 

330C. 

4.968 

48.863 

14.914 

4000. 

4.968 

49.814 

18.391 

56. 

7.576 

48.122 

-2.007 

15C. 

8.0C3 

50.9C4 

-1.248 

250. 

8.578 

55.428 

-0.434 

430. 

8.857 

5S.7C1 

0.896 

6C«. 

8,979 

63.318 

2.691 

OQC. 

9,046 

65.911 

4. 484 

12CC. 

9,141 

69.598 

0.122 

160C. 

9,221 

72.238 

11.795 

2C0C. 

9,297 

74.304 

15.499 

2600. 

9.408 

76.758 

21.110 

33 OC. 

9.536 

79.015 

27.741 

4600. 

9.664 

8C.862 

34.461 

5C.fi 

4,968 

29.564 

-1.247 

150.0 

4.968 

33.008 

-0.736 

250.0 

4.968 

35.738 

-0.24 

400.0 

4,968 

38.174 

0.506 

600. 0 

4.968 

40.188 

1.5 

800. C 

4.968 

41.617 

2.493 

1200.0 

4.960 

43.632 

4.401 

160b. C 

4.968 

45.061 

6.468 

2O0C.0 

4.973 

46.170 

8.456 

26CC.} 

S.C13 

47,478 

11.448 

330C.C 

5.184 

48.69C 

15.007 

4006.0 

S.e04 

49,721 

18.763 

50.fi 

4.960 

28.186 

-1.247 

150.0 

4.968 

31.630 

-0.736 

250.0 

4.968 

34.360 

-0.24 

400.0 

4.968 

36,796 

0.506 

600.0 

4.968 

38.811 

1.5 

890.0 

4.468 

4C.240 

2.493 

1200.(> 

4.968 

42.254 

4.481 

1600.C 

4.968 

43.684 

6.468 

2000. C 

4.®68 

44.792 

8.455 

2f CC.O 

4.968 

46.096 

11.436 

3300. C 

4.968 

47.280 

14.914 

4000.0 

4.968 

4P.236 

18.391 
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Table 7- 4 (Concluded) 


NACL 

C.8 

58.440 

O.C 

-43.36 

M* 40 

•2.2S8 

50.0 

6.624 

44,558 

-1.948 

IbO.ii 

T.2(i5 

46.224 

-1.597 

150.0 

7.7C7 

•8.891 

-1.210 

2uC 

0.148 

51.557 

-0.022 

250.0 

P.553 

53,254 

-0.403 

300. C 

0.558 

54.9SC 

0.016 

400.0 

e.749 

57.441 

0.882 

^uU .11 

0.654 


1.763 

600.0 

f.»21 

61 .026 

2.652 

7CO.0 

0.969 

62.405 

3.546 

800. C 

9.006 

63.605 

4.445 

luOG.G 

9.064 

65.622 

6.252 

1200. C 

9.110 

67,278 

8.070 

1«C0.C 

9.152 

65.686 

9.696 

1600.9 

9.19C 

69.91C 

11.730 

iKoe.o 

9.227 

73.995 

13.572 

2000. C 

9.263 

71.969 

15.421 

23ce.a 

9,315 

73.267 

18.2C8 

26 00.9 

9.367 

74.41? 

21.010 

30CO.O 

9.435 

75.757 

24.770 

3300. C 

9,485 

76.659 

27.608 

3600.0 

9.536 

77.406 

30.461 

4000. G 

9.602 

76 .495 

34.289 

Ml 

1 . 

2.» 1.0 

1.0 3.3 

1.0 1.0 

1.0 l.G ] 

I.C 1.0 

1.0 


02 

l.E 

3.3 20. G 

1.0 IC.G 

1.0 1.0 

1.0 1.0 ] 

L.n i.c 

1.0 


M3 

1 .5 

3.3 1.0 

1.0 1C. 3 

l.b 1.0 

20.0 1.0 ] 

I.c 1.0 

1.0 



H 

♦ CH 

♦HI 

=H20 

♦Hi 

22 

6.1-26 

2.C 

0.0 

n 

• H 

♦HI 

= CH 

♦HI 

21 

2.0-32 

O.C 

0.0 

0 

♦0 

♦HI 

=02 

♦HI 

24 

3.8-30 

1.0 

-340.0 

H 

•H 

♦ H2 

=62 

♦ H2 

22 

2.R-33 

I.C 

0.0 

CO 

.0 

♦ H3 

=C02 

♦ H3 

23 

2.0-33 

0.0 

-4000.0 

H 

♦CL 

♦HI 

= HCL 

♦ HI 

22 

1.1-31 

1.0 

0.8 

CL 

♦CL 

♦HI 

= CL2 

♦Ml 

24 

4.3-31 

1.0 

1259.0 

OH 

♦H 


=H2 

♦ 0 

14 

1.4-1 4-1. C 

-7000. 0 

OH 

♦ 0 


=H 

♦ 02 

11 

4.0-11 

0.0 

0.0 

OH 

♦ M2 


= H20 

♦H 

14 

1.0-17-2.0 

-2900.0 

GH 

• CO 


= C02 

♦ H 

14 

1.1-19-2, C 

1600. C 

OH 

• OH 


=H20 

♦Q 

13 

1.0-11 

O.C 

-1100.0 

OH 

♦HCL 


= H20 

♦ CL 

14 

1.0-14-1.0 

-1000.0 

0 

♦ HCL 


= 0H 

♦ CL 

13 

2.0-12 

0.0 

-4500.0 

H 

♦ CL2 


= 6CL 

♦ CL 

13 

2.0-lC 

0.0 

-2490.0 

CL 

♦ H2 


= MCL 

♦ H 

13 

8.0-11 

0.0 

-5260.0 

K 

♦HCL 


= KfL 

♦ H 

13 

6.0-10 

0.0 

-5000. e 

N« 

•HCL 


= NACL 

♦H 

13 

5,0-10 

0.0 

-8C09.0 

K* 

♦E 

♦HI 

= K 

♦HI 

24 

2.0-22 

1.5 


NA. 

*E 

♦HI 

=NA 

♦ HI 

24 

1.5-20 

2.0 


K* 

♦CL- 


= K 

♦ CL 

14 

1.0*08 

0.5 


6A* 

♦CL- 


= LA 

♦ CL 

14 

3.0-C8 

0.5 


CL 

♦ E 

♦HI 

=CL- 

♦HI 

21 

3.0-30 

0.0 


HCL 

♦r 


=H 

♦ CL- 

13 

1 . 0-ce 

9.0 

-2CC00.0 


^-30 


LOCKHEED ■ HUNTSVILLE RESEARCH & ENGINEERING CENTER 



LMSC-UREC TR D867400-III 


7.1.3 TWo-Phase Data 

Input data required for two phase flow solutions Include: particle 

sizes and weight distributions, thermodynamics (specific heats, melt temper- 
ature, and heat of fusion), mass density and drag laws. This section dis- 
cusses each of these types of data, suggests what values can be used to 
input aluminized solid propellant cases, and supplies additional sources of 
particle information. 

7. 1.3.1 Mean Particle Size 

Unless a mean particle size or distribution is given for a particular 
motor the first piece of information which is required for two-phase cases 
is a mass mean particle size. Numerous methods have been proposed and used 
for determining the mean particle size for a given motor/propellant combina- 
tion. Reference 25 provides an excellent discussion of the various methods 
of determining mean particle size. Reference 25 recommends a mean particle 
size correlation that can be used. This correlation is: 


"43 


, „ 0.2932 „ -0-0008163c^P^ X ) 

3.6304 (1 - e 


where: 



£ 

P 


C 

C 


T 


mass-weighted average diameter 
nozzle throat diameter (in.) 

A concentration in chamber 
chamber pressure (psia) 
average chamber residence time 


(microns) 
(g-mol/100 g) 
(msec) 
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An alternative and very simple correlation of mean particle size 
correlation of Delaney (Ref. 31) can also be used: 

D = 4d:^ 
m t 

where D is the mean particle diameter in microns and is the throat 
diameter in Inches. Delaney's correlation has been shown to be invalid 
for throat diameters less than approximately .083 ft, so that the user can 
use the previous correlation or the following correlation obtained from Ref. 
32 for motors which have diameters less than .083 ft: 

D = 0.454 (P {1 - ^ J (1 + 0.045 D ) 

pc c 

D^ = mass mean particle diameter (microns) 

^ » mole fraction of condensed phase 

L s chamber volume parameter (in.) 

D^ = nozzle throat diameter (in. ) 

= chamber pressure (psla) 

7. 1.3. 2 Particle Size Distribution 

For many calculations in which no particle impingement on the wall is 
anticipated, one particle size at the mean size can be used. However, for 
plume calculations a knowledge of the particle size distribution is 
necessary. 

Delaney (Ref. 31) showed that the distribution of particles for smaller 
motors (D^<3.5 in.) followed a log normal distribution (Fig. 7-4). For 
the large motors (D^>3.5 in.) the data indicate that the size distribu- 
tion follows a normal distribution (Fig. 7-5). To use these distributions, 
move the curves up or down to the mean size at the 50 percent coordinate, 
then divide the curve into five or six sections corresponding to a 
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Fraction Greater Than D 

P 


99.99 99 90 50 10 1 O.Ol 



Fig. 7-4 Log Normal Particle Size Distribution from HI 5 PC Motor 
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Fraction Greater Than D 

P 


99 90 SO 10 10 01 



Fig. 7-5 Noraal Particle Size Distribution from AGC 260-2 Motor 


7-34 


LOCKHEED-HUNTSVILLE RESEARCH & ENGINEERING CENTER 


LMSC-HREC TR D867400-11I 


percentage of the total particle mass and determine the mean size that goes 
with each of these sections. Table 7-5 gives an example of the size dis- 
tribution (for six discrete sizes) which was determined from the curve in 
Pig. 7-4. As was the case for the mean size, if a particle size distribu- 
tion is known for a given motor it may be input directly into the program. 


Table 7-5 

LOG NORMAL PARTICLE SIZE DISTRIBUTION 
FOR HI 5 PC MOTOR 


Particle 

Diameter 

(microns) 

Percent Total 
Particle Mass Flow 

1.2 

10 

1.9 

20 

2.65 

20 

3.5 

20 

5.0 

20 

8.0 

10 
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7. 1.3.3 Particle Mass Density 

Mass density for aluminum oxide is different for solid an^ liquid 
phases. Reference 33 shows the mass density of liquid alun.inum oxide 
(Al20^) to oe 188 1 bra/ft . The mass density of solid Al20^ is 250 
Ibm/ft^. For cases where tn-: particle temperatures will be higher than 
the melting temperature for most of the flow field, the liquid mass density 
should be used. In cases where the particle temperature will be below the 
melting temperature (i.e., plumes) the solid mass density should be used. 
Should the propellant formulation result in solids other than aluminum 
oxide. Ref. 34 can be consulted for the appropriate mass density. 

7. 1.3. 4 Particle Thermodynamics 

The solution of the governing equations for the gas-particle system 
requires a relationship between particle temperature and enthalpy. There 
are two methods in the RAMP2F whereby the user may supply this information. 
The first method is an "ideal" simulation of the variation of temperature 
with enthalpy and the second method is to input tables of temperature versus 
enthalpy directly. 

The ideal approximation of the variation of particle temperature versus 
enthalpy assumes that the l Iflc heat capacity of the particulate is a 
constant for the solid pha' ' d another constant for the liquid p*''i8e. 
Another requirement of this method is a knowledge of the melt temperature, 
the enthalpy of the solid at the melt temperature and the enthalpy of the 
liquid phase of the particle at the melt temperature. Figure 7-6 is a 
graphical example of the ideal approximation for Al 20 ^ using the values 
of the necessary input data (see Table 7-6) for Al20^. The important 
aspects of this variation are: (1) the solid phase enthalpy at the melt 

temperature must be equal to product of the heat capacity of the solid phas^' 
and the melt temperature, and (2) the difference between the enthalpies of 
the liquid and solid phases at the melt temperature must be equal to the 
heat of fusion of the particle. 
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Table 7-6 

A/ 2 O 3 THBRHODTMMIIC DATA 


Liquid A 3^3 Specific Heat 

.34 Btu/lbm(>R) 

Solid A 2 O 3 Specific Heat 

.32 Btu/lt»S°R 

Enthalpy of Solid Phase of AI 2 O 3 
at Halting Tes^erature 

1340.16 Btu/lbm 

Enthalpy of Liquid Phase of a£ 2^3 
%t Heltiog T«nperature 

1839.96 Btu/lbm 

Melting Temperature 

4188®R 



Enthalpy (Btu/lbm) 


Fig. 7-6 Ideal Approximation of AI 2 O 3 Temperature Variation 
as Function of Enthalpy 


7-37 


LOCRHBBO-HUNTSVtLLB RESEARCH & BN61N6BRIN6 CBNTBR 





LMS"-HIiEC TR D867400-III 


A good source of data for the necessary data (T^, C 
for particles other than Al20-j is Ref. 21. 



AHf) 


The other option for inputting the variation of particle temperature 
versus enthalpy is to input a table of particle enthalpies and temperatures. 
The advantage of this method is that variations in particle heat capacity 
for each of the phases may be included in the tables. These data may be 
obtained from Ref. 21. The only constraint on using this method is that Cvo 
entries must be made at the meet temperature. One at the solid phase and 
one at the liquid phase. As with the ideal approximation, the difference in 
enthalpies between the two phases must be equal to the heat of fusion. If 
the liquid and solid phase tables are referenced to a different enthalpy 
then a constant may ba added or subtracted from the liquid enthalpies in 
order to get the correct heat of fusion. The tables should be input with 
the temperature monotomically increasii^. 


7. 1.3. 5 Particle Drag Law 


There are three drag laws preently built into the RAMP2F program. The 
drag laws will be referred to as Kliegel (Ref. 22), Crowe (Ref. 23), and 
Henderson (Ref. 24). The recommended drag law to use for two-phase calcu- 
lations is the Henderson drag law. Previous studies (Ref. 35) have shown 
that the Rleigel correlation is satisfactory for the flow regimes en- 
countered in nozzles but overpredicts the drag on particles in Mach number/ 
Reynolds number regimes encountered in high altitude plumes. For nozzles 
the Kliegel method can be used since it is more economical in computer time 
but it should not be used for high altitude plumes where particle trajectory 
locations are important. Reference 25 provides additional discussions of 
various drag laws. 
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7.1.4 Startllae Options 

There are nmerous start line options available within the RANP2F. The 
user selectable startline option for single phase flow are: input start 

line, prograa set up one-d linens ional start line based on given area ratio or 
Nach nunber, and constant 0/F or variable 0/F transonic start line. Fron 
two-phase cases the start line may be input or calculated by the prograa 
using the two-phase transonic module (Ref. 25). Section 7. 1.4.1 discusses 
the Input for the various startline options for single phase cases and 
Section 7. 1.4.2 discusses the two-^iase startline options. 

7. 1.4.1 Single Phase Start Lines 

The startline options for single phase cases range in complexity from 
one-dimensional to the most detailed variable 0/F transonic start lines. 
Input requirements for each of the start line options are fairly straight- 
forward and will be discussed in the following paragraphs. 

As mentioned previously, the RAHP2F program uses data surfaces which 
are constructed along normals to streamline (regular characteristic mode) or 
vertical surfaces (shock capturii^ mode). When inputting a startline or 
setting up a one-din»nsional start line, the shape of the start line should 
be consistent with the method of solu*-ion. For streamline normal solutions 
of diverging flows the axial coordinate of the centerline points (first 
point on start line) must be downstream of the wall point(last point on the 
start line). If the data surface is too far from a true normal provisions 
have been made in the program to alter the solution techniuqe to compensate. 
Figure 7-7 shows the construction of data surfaces if the input surface is a 
true normal, and Fig. 7-8 shows the construction of data surfaces if the 
start line is far from a normal. For shock capturing solutions the start 
line should be a vertical surface (x « constant), but If the input start 
line is not a vertical surface then the construction of data surfaces will 
proceed as shown in Fig. 7-9. 
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The start li&es which are input hy the user are either generated by 
previous RANP2F calcualtioos or are generated froa sone other source. The 
iapat cequireaents for each start line point are straightforward and are 
explained in Section 6. The only care which should be taken in i^ctting 
the start line is that the entropy and 0/F (or total enthalpy) wust be 
consistent with the themodynaaic data tables. One should keep in aind that 
the reference entropy level for each 0/F or total enthalpy gas table is zero 
which corresponds to the coabustion chaaber pressure. If an entropy level 
for a start line is iiqiut at a value other than zero then a head loss 
(decreased total pressure) or head gain (increased total pressure) aust have 
been introduced at the start line. 

One-diaensional start lines require the user to input the axial coordi- 
nates of the start line at the upper and lower boundary, the Mach amber or 
area ratio of the entropy level, and the 0/F ratio (total enthalpy) of the 
start line. If the start line is input at the throat the axial coordinate 
of the start line at the wall and centerline should be the sane (since the 
flow angle alcng the start line is zero). If the start line is at the exit 
plane of the notor the axial coordinate of the startline on tte wall should 
correspond to the lip (Xj^^p)* Using trigonoaetric relationships and the 
assumption that the flow is sourcelike at the exit the coordinate at the 
centerline is: 


CL 


*LIP * \lP 


( 


sin 6 


LIP 
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PiB. 7-7 Data Sarface Constractioo for a True lapat loml 
(Streaaliae Roraal Solutioa) 



Pig. 7-8 Data Sarface Coaatructioa for a Moo-Roraal Startline 
(Streanline Nomal Solution) 



Pig. 7-9 Data Sarface Construction for a Non-Vertical Startline 
(Shock Capturing Solution) 
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The Hach number of the start line must be greater than 1.0 and should 
be consistent with the geometry of the motor. The area ratio must be 
greater than 1.0 and, like the Mach number, should be consistent with the 
gewsetry. The entropy level of the start line should, in general, be 0.0 
unless it is desired to change the total conditions of the start line rela- 
tive to the input gas thermodynamic tables. The 0/F or total enthalpy of 
the start line must be input consistent with the thermodynamic table 0/F or 
total enthalpy. If there is only one 0/F or total enthalpy table then the 
value input does not effect the solution. If there are more than one total 
enthalpy or 0/F ratio thermo table then the ii^>ut value for the start line 
should correspond to the table corresponding to the 0/F or total enthalpy 
desired on the start line. 

When letting the program set up a startline for a finite rate (or 
frozen, I00N(l)s4) case, the user may ii^>ut the species distribution, or the 
user may elect to let the program determine the species on the start line 
from an input TRAN72 data tape. In either case, the same distribution will 
be applied at all startline points. The species values that are selected 
from the thermo data tape are taken to be those at the throat for the last 
0/F or total enthalpy on the data tape. 1%is limitation will be eliminated 
on a future version of the program. 

The single phase transonic module provides the final option for single 
phase start lines. This module utilizes a time dependent finite difference 
method to solve the nozzle flow field in the combustion chamber/throat 
region of the nozzle. Prom this flowfield solution a start line is set up 
for the nozzle/plume solution. The transonic module can be run for options 
lOON(l) = 1 or 2 only, not for finite rate cases (ICON(l) >2). This limita- 
tion will be eliminated in future versions of the code. Results of an 
equilibrium/frozen transonic solution could be used to input a start line 
for a finite rate case. 

The single phase transonic module can be used for constant or variable 
0/F solutions. To generate a variable 0/F solution requires the input of 
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radial variations in 0/F ratio at the initial station (usually the entrance) 
to the convergent section of the nozzle). Hie determintion of an 0/F dis- 
tribution across the start line is not straightforvard. One method is to 
use the injector oxidizer and fuel mass flow rates at various different 
rings of the injector to determine a step function 0/F distribution. A 
parabolic fit of this step function could then be input to the program. 
Another example of determining 0/F distributions can be found in Ref. 19. 

Input requirements for a transonic case are: the axial station at 

which to start the solution, the axial location of the throat, the area 
ratio to terminate the solution, the mass flow rate of the nozzle (optional) 
and an engine mass averaged 0/F ratio. The initial station for the solution 
is normally chosen as the entrance to the convergent section of the nozzle, 
although any station may be chosen. The area ratio at which to terminate 
the solution is used to establish the axial station at which to terminate 
the solution. If the user inputs a value of 0.0, the program assumes a 
value of 1.5 for the area ratio. The program sets up a start line from the 
transonic solution by locating Mach I.IS on the axis and Mach 1.33 on the 
wall. The area ratio at which the solution is terminated must be great 
enough so that the flow at the axis of the nozzle can accelerate above Mach 
1.13. The distribution of stations upstream and downstream of the throat 
has been set up for standard type motor geometries. If a non-standard 
nozzle is to be run (i.e., long entrance, short throat) or short entrance, 
long throat or large variations in upstream and downstream throat radius of 
curvature ratios then toe initial and final stations may have to be adjusted 

to obtain an adequate solution. An adequate solution is obtained when the 

2 2 

entropy levels on the start line are within +1000 ft /sec /R. 

The 0/F ratio (or total enthalpy) that is input is used by the program 
to obtain the proper thermodynamic data from the input tables. For constant 
0/F ratio cases which have multiple total enthalpy tables which will be used 
following the boundary layer solution, it is necessary to input the total 
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enthalpy of the table which corresponds to combustion chamber conditions. 

For constant 0/F and variable 0/F cases, input the mass flow average 0/F 
ratio of the motor (l.e., overall operating 0/F ratio). The mass flow 
averaged 0/F or enthalpy will be used to calculate the mass flow rate of the 
motor if the input mass flow rate is set to 0.0. The recommended option is 
to set the mass flow to zero and let the program calculate the mass flow. 

7. 1.4.2 TWo-Phase Startline Options 

There are two basic options for two-phase startlines. They are: input 

the start line or let the program set it up using the transonic module. The 
same comments which were made about the construction of single phase start 
lines apply to two-phase start lines except that in general entropy levels 
on the start line are not zero since the heat transfer and drag losses are 
associated with accelerating particles from the combusticn chamber through 
the throat. When inputting the particle properties along the start line the 
user must input the number (NSETS, Card 25) of gas points at which there are 
particles present. The particle properties at each point must be input 
starting with the point nearest the nozzle vail and proceeding to the 
centerline. The particle properties at each point must be input for each 
particle size group. Table 7-7 presents an example of an input two-phase 
start line where there are six particle sizes, 29 startline points and 29 
points at which there are particles present. 

Input data required by the two-phase transonic module is the inlet 
angle upstream of the throat, the upstream and downstream radii of curvature 
and the nozzle wall angle at the end of the throat conical section. The 
two-phase transonic module is capable of analyzing only one type of nozzle 
inlet geometry. The nozzle must have a conical inlet attached tangentially 
to a circular arc. At the nozzle throat plane, this upstream circular arc 
is attached tangentially to a downstream circular arc. Earlier versions of 
the program required the inlet entrance angle to be less than approximately 
45 deg, only one circular arc was allowed at the nozzle throat and the 
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Table 7-7 EXAMPLE OF TUO-PHASE INPUT STARTLINE (29 POINTS, NSET - 29) 


.cooonor 


.13«3<tCJ*02 .?4e63i*9*ri .QOOOOOb 


.1090802*C4 •167**S27*08 




.ft*l9n77*QO 

«96TiT3S*00 


.1S8]427«01 
.a«80CS3«01 
.2168971«01 
.2«8039(V^1 • 
.27248b3«OI 


.32S2<>0« *01 
.}b07b98«&l 
.3758713*01 
.«eoo23»^ 
.4238489*01 


.4899584*01 
•4922392 *nl 
.5139703*01 
.5445107*01 
.5776207*01 


.1383132*02 *2488105*01 .4874691*00 .3048929*04 

.1982703*^2 .2<ie0129t31 .TAVfliStslifl — .30m«5*C8. 


.1381600*02 .2463339*01 .1456106*01 .2929917*04 

.1380741*02 .2453524*01- ,1801487*01 •.2o8497«*04 

.1379691*02 .2443')62*P1 .2300018*01 .2839095*04 

.1378447*02- ,2431444*01 . 27 6 3011 * 01 — ,2744363*04 

.1377Cn»*02 .2419779*01 .3242429*01 .2751240*04 


.1673897*08 
• 1677224*08 


.1685200*08 
*1688790*08 
.1691263*08 
, 1642428*08 
.1691634*08 


.1373565*^2 .2392788*01 .4225366*01 .?67265?*Q4 

-.1371872*02- .2377807*01— r4720753*&l— .2637637*04 
.1369407*02 .2361836*01 .5214193*01 .26*'6n82*04 

- •13«7O8b*02- -.2344801*01- -,5704446*01 .26 74 44 8 * 0 4- 

.1364598*02 .2326920*01 .6191477*31 .2556638*04 


.1359207*02 .2289484*01 .7145702*01 .2519457*04 

-.1 356323*02 - .2270734*01- . 7 8 1 0458*01 — .^50eM^*09 

.1353331*02 .2252678*01 .8065115*01 .2479348*04 

.1348813*02 .2306440*08 --.8785643*01 .2246431*04 

.1342471*02 .2374882*01 .9553713*01 ..1946862*n4 


.6038969*01 .1337270*02 .2508424*01 .ltll6S«7*02 .1338253*04 

.6080003*01- .1336531*02 -.2831523*01 .1024855*02 .1205668*94 

.6133913*91 .1335451*0? .2564825*01 .1034289*0? .1013100*04 


8 I »I 


.1683398*08 

.1675502*08 

.1665323*08 

.1653689*08 

.1640583*08 


.1611040*08 

.1544064*08 

.1575006*08 

.1645667*08 

.1722644*08 


I • »#’T4 « 


.6208842*01 .1334003*02 .2606155*01 .1045436*02 .7456412*03 


•28248<2*08 .1568279-04 .8221250*04 .1673941*04 


1781953*08 

1772629*08 

1753190*08 

573 9 84 6* 08 

1712184*08 


5X^I»r4»T' 


•28248^2*08 

*2842561*05- 

.3033925*06 


26759^7.08 -.4531500-04 — .8 17 46 1 1*04 - .1543137*04 


•3J878C7*08 


.3115433*08 

•3532940*08 

.2927933.08 

• 3186558*08 

.3614520*08 

^ A ^ * <* A A A 


.3241208*08 
- *36 75451 *35 ■ 
.3916663*08 
•3018410*08 
.3427381*08 


•4317468*08 

•4414715.08 


3919810-04 .8094814*04 .1733182*04 


.2986991-04 .8061363*04 .1713792*04 


.297C713-04 .8044364*04 .1703357*04 

•2955700*04 — .794255«* 04-- *1 747235*05 
.1496368-04 .8113595*04 .1607961*04 

.2941963-04- .7695918*04- .4677792*04 
.2944l26-‘04 .7892528*04 .1729498*04 


.2922095-04 .7958511*04 .1658048*04 

t?4 336 3y-i j * .* 854 295*04 . 1699688*04 - 

.3082717-04 .7751996*04 .1730724*04 

.1445790--05-.7964107*05 --.4529464*04 
.2882174-04 .7862945*04 .1599995*04 


4 

.6027675*08 

.3067009-06 

.7o389q3*06 

.1672403*04 

5 

•6157140*05 

•3251177*06- 

*7515696*06 

*1701539*05 

1 

.3103271*08 

.1610962-06 

•7807043*04 

.1444809*04 

2 

.3652528*a& 

.2536215--04— *.7559649*C« 

—♦1519200*04 -- - . - 

3 

.3972851*08 

.2886465-06 

.7592791*04 

•1562740*04 


l.Tl.fn 


5 

.4275531*06 

.3241874-04 

.7388996*04 

•16303r2*04 

b 

.4388468*08 

.2198300-04 

-.7247472*04-- 

• 1662595*04 - . 

1 

.3249609*08 

.132(365-04 

.7648728*04 

.1307832*04 

2 

•3817490*08 

.2692044-04 

—.7549333*04 - 

•1395083*04 

3 

.4069955*08 

.27S4S83-C4 

.7472585*04 

.1444248*04 


55" T- VA-"% C3 


I WiX' I •I’-TiT^JiTn 


3073485-04 

2302460-04 


.730762'7*0m .1533012*04 

• 7155720*05 —.1573720*08 
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Table 7-7 (Continued) 



.368&ebl«06 .2161«i07-0« 

•39Sai89«Cn •22&6631'9n 

.«lU3eS*0e .236912S-09 

*aZiiSiaiDB .iiOOWi^-Oe- 

• «3«i92(i2«C8 .19b66T9>0« 


.T6C6S8S*04 •1196b''2*09 

.«7&aM8O«0n «12142ie*0» 
.7<tS3110«04 .1266991*09 

. ?»Q32IS»a* ,1 J1693J*419 

. .1 362521*09 




.3602627*08 

.3&97SC9*Q8 

.6064653*08 

-.9199866*08 

.9322641*08 


.3520635*08 

^1690357*08 

.9021279*06 

.9166625408. 

.4298327*08 




.2C66T55-Q9 
. 2143 aSL- 0 e- 
.2295760-09 
.2319905-06 - 
.1373258-09 


.1961039-09 
• 2037961-09.. 
.2136862-09 
.2269266<0ii- 
.1292359-09 




.76618«9*04 
. 75 V 9 C' ■’♦ 0 * 
.7535391*09 
.*7653 156406- 
.7337107*04 


.7715031*09 
*76507664.06 . 
.7585210*09 
.*750a5824a6_ 
.7581297*04 


.1095 198*09 
«11695T6*09 
.1217780409 
.1267626406 
.1311979*09 
1601 
.1091892*09 
*1U26«0406 
.1165964*04 
..1216935409 
.1258111*09 





.3j?5132*Oe 

.3705543*08 

.3918568*08 

.4i)88318*C8 

.4240625*08 


.1697426-04 .7056216*04 .8708961*03 

.1776498-04- *77666li4a6 ...,,9426156*03 
.1868495-04 .7715248*04 .9939007*03 

.1998368-04 .7621212406 ...1017696409 

.1113252-09 .7494968*04 .1079418*04 


.3287463*08 .1625874-04 .7896132*04 .8102064*03 

.3675617-*lja .17 


fjr*'i.6 / .xTJ • L^ 

rn.w 


mi TWi 


Hi. T 90 T 9 . y« 


.4070570*08 .1927365-09 .7656808*04 .9710|67*03 

.4227464*08 .1070812-09 - .7625079*06 .1006969*06 


LOCKHEED HUNTSV!IU RESEARCH & ENGINEERING CENTER 


LMSC-HREC TR D86 7400-1 II 


Table 7-7 (Concluded) 


OF POOR 


1 

2 

3 

.2998755*06 
- .3262«II»6*B6 
. 3653132 *na 

.7461462-05 

-.3541497-^04- 

.1643616-04 

.8^;16467*04 

^ct 1 ? xf. *0 A rti* . 

- ^ T ▼ J Jv f ■ u’9 

• 7tt5a9<»0^04 

.5129453*03 

-.-7474285*01 

.8159236*03 

5 

.4056996*08 

.1865274-04 

.7686736*04 

.9001895*03 


.421 7280*08 

, 1035274-04- 

.7552155*04^ 

- ,9309207*03 

1 

.2983522*08 

.7168124-05 

.8050735*04 

.5462756*03 

2 

.3246326*08 

.1503721-04 

.7945157*04 

.6829726*03 

3 

.7637693*03 

.1588156-04 

.■»889497*04 

.7477738*03 

-4 

.3865765*04' 

.1680157*04- 

.7511771*04 

.7902695*03 


5 

b 

1 

2 

3 


.4047331*06 
.42CV9d2«0B 
,?9687«3*08 
« 3234720*08 
,3828207*06 
.3»t8H>4*08- 


.1811610-04 

.100S7«6-(.4 

.6904S89-aS 

.14S2244-04- 

,1539597-04 

. U JIO H -04 


.7713152*04 
.7575895*04 
.8082245*04 
.7994413*04- 
.7916398*04 
. 7 8 3 6 700 4 04 ■ 


.8247040*03 

.8518418*03 

.4834751*03 

.6158898*03 

.6758243*03 

. 7 l396l9 4 3» 


5 .4041217*08 

(, . .4 2 0 5294 *08- 

1 ,2955085*08 

_2_ . 321 2412 * 08 — 

3 .3623937*08 

-a .3 854 4 6 8*08 


.1766023-04 .7736079*04 .7441319*03 

.9817 186-05- -.7596400*04 .7878154*03 

.6669564-05 .4111273*04 .4186304*03 

.1406951*04 — .80 2 0 2 4 7 *04 .S48S8 9 3 * fr3 


5 

6 
1 

-2 

3 

-4 

5 

6 
1 
2 
3 

-4 — 

5 

6 
1 
2 
3 

-4— 

5 

8 

1 

2 

3 

-4 — 

5 

6 
« 

« 

2 

3 

5 

6 

2 

3- 

4 
5_ 
6 


.4036104*08 
,4202837*88 
.2942465*08 
~.32 32340«C8 
.3b23738*rb 
.3 8 58 » >.6*C5 


.1497786-04 

,l S93 26 7 *Ctt- 


,7939727*04 

, 7 8 5 820 2* 0* 


.5992967*03 


.1728170-04 ,7755679*04 

V962 5878*05 .7833868*04- 

.6463715-05 .4137774*04 

.1367981*04 ,8842877*04 

,i46?79s-04 ,7959427*04 


.1 5 60 7 64J 


, 7 8 7 6 176* 0 4 - 


.6578037*03 

-.6768888*0-3 

.3535129*03 

.4709476*03 

.5171285*03 

.5447 97 8 * 01 


.4u37424*ra 

•4202208*08- 

.2931473*08 

.3255217*08 

.3626443*08 

,7855 6 13* 0 8 


.1697878-04 

.9479884*05 

.6289510-05 

.1335414*04 

.1434915-04 

.1 5 36635-04 


,7772031*04 
-.7628323*04 
.8161178*04 
*8061773*04 
.7975172*04 
7 » 9 045 4 * -04- 


.5649476*03 

-.8788498*03 

.2874492*03 

.3894613*03 

.4282308*03 

.4494637*03 


.4038524*08 
-.4202932*08 
,2922715*08 
•3239731*08 
,3630526*08 
,385*4 U*3 8- 


.1675139-04 

-.9377758*05^ 

.6150608-05 

-.1311485*04- 

.1414444*04 

.1517924*04 


.7784989*04 
-• 7839328*0•*- 
.8180335*04 
•8077950*04- 
.7986468*04 
■ .7900746*04 


.4650638*03 

•4780018*03 

.21945"8*03 

-.2989241*03 

.3316653*03 

.3488170*03 


.4040524*08 

.4204362*08 

.2916854*38 

•3246571*08 

.3635713*08 

>3861849*08. 


.1659928-04 

•9315675«0$ 

.6'?49623-05 

.1295432*04- 

.1401385-04 

. I50t573.»04- 


.7794288*04 
.X843815*04- 
.8193816*04 
.8089322*04 
.~S >3086*04 
■ 79067*3*04 - 


.3577640*03 
.3651396*03 
.1466546*03 
.2040235*03 
.2270131*03 
.2 U5 655*03 


.4243072*08 

•4206266*08 

.2914492*08 

.3252320*08 

.3640448*08 

.3a65674.«08- 


.1651920-04 

.9291857-05 

.5985039-05 

.1286704-04 

.1395013-04 

,1S03528*&4- 


,7799745*04 
•7652659*04 
.8200271*04 
.8094574*04 
,7995096*04 
I 7808368*04 


.2433215*03 
.2477445*03 
.7484052*02 
.1030626*03 
.1152318*03 
-.1188 37.5403 


,4246PC7*0B 
.4206562*08 
. >916311*08- 


,165r087-C4 

.9298963-C5 

.5946519-05. 


,7eri2ii*04 
.76538 l.«*a4 
■RI9O571.04 


.1230221*03 

.1250737*03 

.onoQcna 


.3256938*08 

.3644820*08 

•3669078*08 

.4Qft57-2a*J18L 

.4210721*08 


.1282621-04 

.1392883-08 

.1503287-04 

-.365l630--Da.. 

.9320678-05 


.8093726*04 

-.7993288*04 

.7906341*04 

.76S19q2*04 


.0000000 

.0000000 

.OOOOoOO 

-.OQODOnO 

.0000000 
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radius of this arc needed to be greater than approximately twice the nozzle 
throat radius. The two-phase transonic module now allows inlet angles to be 
as steep as 60 deg. Two circular arcs are now used to define the nozzle 
throat. The arc upstream of the throat plane can have a radius as small as 
half the value of the throat radius. The arc downstream of the throat plane 
can have a radius as small as one tenth the value of the throat radius. The 
ATA module can analyze gas-particle flow containing particle groups of 
arbitrarily small diameter. Earlier versions of the module required 
particle diameters to be greater than approximatley one-half micron. Also, 
the upstream value of the wall radius ratio can be different than the down- 
stream value. Many inlets are not conical (i.e., submerged nozzle). The 
user should approximate the inlet angle for these type nozzles to best 
approximate the angle that the bulk of the particles will be constrained 
within. 


The start line is attached to the wall and centerline using input (or 
default) values of Mach number. The default values (1.1 on centerline, 1.4 
on wall) have been established to obtain a good startline shape for standard 
type motors. If a case is run in which the start line is inclined improp- 
erly (i.e., then AXISM and WALUl may be adjusted to alter 

the start line. 


7.1.5 Mesh Control Variables 


This subsection discusses each of the mesh control parameters which the 
program utilizes. The function of each of these parameters is discussed in 
relation to potential mesh control problems in construction of a typical 
flow solution. 

Control of the insertion of interior points and the deletion of points 
on a known data surface is the function of subroutine CHECK. CHECK is 
normally called from subroutine PHASEl after a line has been completed 
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unless a special circumstance Is encountered where a point needs to be 
Inserted or deleted due to streamline crossings. The axial step control Is 
performed by PHASEl. 

7. 1.5.1 Lower Wall Interpolation Factor (STEP(8)) 

Characteristic theory governs the construction of the Initial data 
point on a new surface. The maximum axial step at the lower boundary Is 
determined by the Intersection of the right-running characteristic (RRC) 
emanatlug from the first Interior point on the normal and the lower 
boundary. The RRC Is Inclined at the local characteristic angle (0 - p) 
toward the lower boundary. The axial step downstream of the known data 
surface is determined by the Intersection of the RRC line (which Is located 
a factor of STEP(8) (£ 1.0) of the distance between the axis point and first 
interior point) with the lower boundary. Details of this construction are 
noted in the sketch on the following page. 

Consequently, STEP(8) is the primary parameter which controls the mesh 
construction and also has a significant impact on program run time. The 
radial point spacing on the start or previous line also helps to determine 
the Initial axial step. The closer the point spacing the smaller the axial 
step. 


Step slse also affects the conservation of mass flow, momentum and 
energy. Most cases will maintain good mass flow conservation. However, 
there can be cases v^ere poor mass flow conservation Is observed. In these 
instances, normally there Is an error In the Input data. If no error is 
detected it may be necessary to take smaller step sizes to maintain the 
particle mass flow conservation. Gaseous cases with larger gradients across 
the flow field may also require smaller steps and more mesh points In order 
to conserve mass flow. 
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AXj = Initial Axial Step 

= Initial Radial Point Spacing 
= Maxinnum Initial Axial Step 
/X = Local Characterist’c Angle 
V = Local Velocity 
The ARRC Step AX^ is given by: 
ARj = AR^[l - STEP(8)] 

AX^ = AR^ * STEPO) ♦ tan(ir/2 - 
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7.1. 5. 2 Axxs ?oiat Insertion Criteria (STEP(6)) 

The axis point insertion control parameter, STEP(6), limits the maximum 
axial step between data surfaces. If the data surface location between axis 
points for any reason exceeds STEP(6), the interpolation factor for the 
lower wall solution (STEP(8)) will be multiplied by 0.8. This results in a 
snialler axial step. The new axis point will be recomputed until it is less 
than a distance of STEP(6) away from the known axis point. 

Typical values for STEP(6) are: 0.1 throat radii for two-phase nozzle 

flow problems, 0.1 exit radii for two-phase plume flow problems and 0.2 
throat/ radius for gas only nozzle solution and 0.2 exit radius for gas only 
plume flows. 

7. 1.5. 3 Interior Point Insertion Criteria (STEP(3)) 

The purpose of the point insertion capability is to provide control of 
the streamline spacing in a rapidly expanding flow. Insertion of a stream- 
line is accomplished in the following manner. The distance along a normal 
line between two grid points is computed in subroutine CHECK. If this 
distance exceeds STEP(3) a new streamline will be inserted midway between 
the two existing points. The new streamline point will be retained as the 
solution progresses. 

7. 1.5. 4 Particle Limiting Streamline Insertion Criteria (STiLP(9)) 

This parameter provides for control of streamline spacing on a data 
surface based on the entropy difference between two streamlines. This 
option is only used for two-phase flow cases and then only between a 
particle limiting streamline and the adjoining gas streamline. STEP(9) is 
the maximum allowable percentage change in entropy near a particle limitlcg 
streamline. The procedure is to first calcuj.ate the entropy difference (AS) 
between the particle limiting streamline and the adjacent streamline, above 
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or below the particle limiting streamline. If AS is greater than STEP(9) 
times the entropy level of the limiting streamline then a new streamline 
point %rlll be inserted midway between the two points. The procedure is 
identical to the interior point insertion scheme once the program has 
determined that a point should be added. 

This mesh control parameter is utilized to avoid large entropy 
gradients near limiting streamlines. There will naturally be an entropy 
gradient, from a region vhere particles are present to a gas-only region, 
across a limiting streamline. However, use of the STEP(9) control can 
minimize the chance of encountering numerical difficulties near limiting 
streamlines in two-phase flow problems. 

7. 1.5. 5 Prandtl-Meyer Integration (STEP(l)) 

This parameter controls the number of mesh points which are distributed 
through the Prandtl-^eyer expansion. STEP(l) is the size of the integration 
step in degrees that is used to numerically integrate the Prandtl-Meyer 
function. STEP(l) then becomes the number of degrees between mesh points in 
the expansion fan. 

7. 1.3. 6 Point Deletion Criteria (STEP(7)) 

The purpose of this mesh control parameter is to limit the spacing of 
adjacent streamline points on a normal to a minimum value. Vfhen streamlnes 
begin to converge the solution can encounter numerical difficulty when 
computing locations of intersections of characteristic lines with normals to 
streamlines. 

The procedure is to determine the radial and axial spacing, the Mach 
number difference and flow angle differences between two consecutive points 
on a normal (AR,AX,AH, A9). The average R,X, Mach number and flow angle for 
the two points are calculated (R, X, M, 6 ). R and X are multiplied by 
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QUALtrt 

STEP(7) and H and 6 are nultlplled by built-in values. If AR and AX «re 
less than the average locations (R and X) tines STEP(7) and AM and A6 are 
less than the average values (If and 0 ) tines the built-in values then one of 
the two points will be deleted. This procedure is shown in the sketch below. 

the program will not delete the following types of points: upper or 

lower boundary, free boundary, Prandtl^leyer, shock, slipline, or Uniting 
streamlines. Mocnally, the I point is deleted. 
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7. 1.5.7 nalte Rate Chealstry Mesh Goafrols 


The aesh coatcol paraaeters for a finite rate chealstry case are the 
saae as In the previous sections with the following exception. 


The lower wall Interpolation factor, STEP(8), is overriden by the ’’CFL" 
condition which requires that the Mach lines froa any new point aust Inter- 
sect the base line between the base point and either of its neighboring 
points. This condition Is assured by the equation 


CFL 



fihere A>> is the noraal distance between any two adjacent points on the 
base line and M is the Mach number. CFL Is the maximua distance along the 
streamline through the ease point the new point may extend and still ensure 
that the Mach lines Intersect the adjacet points. This distance is calcu- 
lated for each point on the base line and the miniaua distance is used for 
the entire new line. 

7. 1.5. 8 Recoaaended Mesh Control Variables 

Table 7-8 presents a set of recoaaended values for the mesh control 
variables. This set of aesh control values has been found by the author to 
be general for most of the cases which have been run. However, there prob- 
ably will be cases where the run time or conservation of mass flow, energy 
and momentum will be unsatisfactory and adjustments to the mesh «rlll be 
required. As the user becomes familiar with the code and runs more cases, 
changes in the mesh control variables and the resulting effect on the flow 
solution will become apparent. 
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Ttbl* 7-8 

RECOMMENDED MESH CONTROL VALUES 


I 

SA 


STEP(l), Prandti-Meyer Control 
STEP('3), Intarior Insertion 
STEP(6), Axis Insertion 
STEP(7), Delete Criteria 
ST£P(8), Axis Point Interpolation 
STEP(9), Limiting Streamline 



s Throat Radius 

R _ = Exit Radius 
E 


NOTE; If no limiting streamline, axis Insertion, or interior insertion control is desired 
input a large number 1000). If no deletion ia desired use an extremely small 
number (l.E-5). 
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7.1.5. 9 Mesh Spacing Effect on Bun Time and Conservation Equations 

Run time is significantly affected by the point density for tuo 
reasons: (1) the computer run time is a direct function of the number of 

points on the normals, i.e., for the same number of normal surfaces and 
twice the number of points on each normal there will be a factor of two 
differences in run time, (2) the more points on a given normal, the smaller 
will be the step size which will result in more execution time, i.e., twice 
as many points on a surface will result in the maximum axial step having 
one-half the length. This coupled with twice the points on the normal will 
result in four times as much computer time. 

Coupled with conserving run time is the necessity that the solution be 
numerically valid, i.e., conserve mass, momentum, and energy. The conser- 
vation functions for numerical solutions of the type employed by the RAMP 
program are somewhat controlled by the mesh spacing. For flows which 
contain large gradients in flow properties it is desirable to have more mesh 
points to avoid any large errors in mass flow, system energy and momentum. 
Thus, there is some happy medium or parity between run time and system 
conservation. 

7.1.5.10 Point Spacing 

The type of solution which the RAMP code employs lends itself to 
uniformly spaced points on each data surface, ^wever, particular flow 
solutions which have large radial gradients require close point spacing in 
the region of the large gradients. For these cases, smaller axial steps are 
necessary. 

7.2 EXPLANATION OF ERROR MESSAGES AND OTHER MESSAGES 

This section lists the messages that can be output by the program and 
describes what the messages mean to the solution. Comments are also 
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included on how to change the input data to correct problems in the solution 
which cause improper terminations. 


1. Previously noted errors have propagated to lower boundary 
or problem limits have been reached. Case terminated. 

The program has terminated properly, the problem limits 
set by the user have been reached or another error which 
has been identified via a message has been encountered. 

2. Lower boundary solution will not converge. 

The program is unable to obtain a solution at the lower 
boundary within the user specified number of 
iterations. The code will back up the line a maximum of 
10 times to try to obtain a solution. If no solution is 
reached then the execution will terminate. 

3. Interior solution will not converge. 

The program is unable to obtain a solution for an interior 
point within the user specified number of iterations. The 
code will back up and take a smaller step. If the point 
still will not converge after backing up 10 times then the 
solution trill be terminated. 

Possible causes of this problem are: 

e Input error in boundary equations 

e Numerical difficulties due to large point spacing in 
regions of steep gradients. Use more points or take 
smaller steps. 

e If this occurs early in the solution, the start line 
may not be physically or numerically suited to the 
problem. Check the start line. 

e Check for obvious errors in thermodynamic data. 

4. Upper boundary solution will not converge. 

The program is unable to obtain a solution at the upper 
boundary. Causes and fixes are same as item 3. 
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5. ITSUB will not converge in RGMOFP. 

Real gas solution of Mach number as a function of pressure 
will not converge within present number of iterations. Check 
the thermodynamic tables for errors and also the plume 
boundary conditions. 

6. ITSUB will not converge in RCVOFM. 

Beal gas solution of velocity as a function of Mach number 
will not converge within present nximber of iterations. Check 
the thermodynamic tables for errors. For two-phase, real gas 
cases with a startline input from cards, be sure all the 
input Mach numbers fall within the thermodynamic table 
entries. 

7. ITSUB WNC in THETFM 

Unable to balance the last Prandtl-Meyer point pressure with 
the back pressure at the free boundary or flow angle at a 
solid boundary, within the preset number of iterations. This 
can be caused by poor thermodynamic table construction or 
Incompatible plume boundary conditions. 

8. ITSUB UNC in AOASTR 

Unable to balance the mass flow at Input A/A with mass 
flow at throat within the preset number of iterations. Check 
thermodynamic tables. 

9. ITSUB WNC in TURN 

Unable to turn the flow through a specified turning angle 
within the preset number of Iterations. Usually caused by 
flow going subsonic. 

10. ITSUB WNC in OVEREX 

Unable to turn the flow through a specified turning angle to 
match the plume boundary pressure within the preset number of 
Iterations. Usually caused by the flow going subsonic. 

11. The following case cannot be found on the master tape. 

The program is unable to find the desired gas case among the 
cases present on the master tape. This is usually caused by 
the gas header card not matching any of the header cards 
which appear on the tape, or the wrong tape was mounted. 


7-58 


LOCKHEED-HUNTSVILLE RESEARCH & ENGINEERING CENTER 



LMSC-HREC TR D867400-III 


12. ITSUB UNC In HYPER 

Program Is unable to find a velocity which will give the 
ambient boundary conditions within the number of preset 
iterations. Can be caused by trying to expand the flow too 
far or having bad thermodynamic tables. 

13. Subsonic Mach number encountered in TOFV. 

The characteristic th eory util izes Hach number in the defini- 
tion of Mach angle ( ^ m 2 - 1) and is limited to supersonic 
flow. Possible causes for this message are: 

• Flow went subsonic. 

e Error occurs in boundary equations. 

e Error occurs in other input data. 

e A situation is encountered which the code 
is unable to handle. 

14. Negative velocity encountered in TOFV. 

Something has happened during the solution which has resulted 
in a negative velocity being calculated. Probable causes are: 

e Error occurs in boundary equations 

o Error occurs in gas thermodynamic data 

e Hesh problem is caused by too large a step in a 
region of steep gradients. Try taking smaller 
steps. 

e Program limitation. 

15. ITSUB does not converge in PHYSOL. 

Subroutine PHYSOL is unable to determine the characteristic 
intersection with the known data surface within the preset 
number of iterations. This is usually caused by too small a 
mesh size or a data surface that has been input, which is not 
a true normal. 

16. Two straight lines in INRSCT are parallel. 

Subroutine INRSCT* s function is to determine the intersection 
of two straight lines. If two lines are found to be parallel 
this message is printed out. Usually caused by some incon- 
sistency in the input data. 
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17. Characteristic lines diverge; last P-M point set free molecular. 

Subroutine MOCSOL is unable to intersect right and left 
running lines while constructing the normal around a Prandtl- 
Meyer expansion. This is usually caused by trying to take 
too large a step past an expansion comer. 

18. MOCSOL will not converge. 

MOCSOL is unable to find the intersection of two character- 
istic lines within the preset number of iterations. 

19. A problem with a RRC intersection with line X has been 
encountered. The line will be recalculated. 

This is the result of either an interior solution taking too 
many iterations or a situation where the program is unable to 
intersect the right-running characteristic from the new point 
to the known data surface. The program will back up and take 
a smaller step for a maximum of 10 iterations. If the same 
problem is still encountered, the case will be terminated. 
This is usually caused by an error in a boundary equation, a 
start line which is not a normal or a poor point spacing. 

20. Particle limiting streamline intersects with the boundary. 

This message occui? whenever a particle limiting streamline 
intersects a bounds -y (solid or free). The solution proceeds 
while assuming all mass which intersects the boundary passes 
on through. 

21. Point number X on line Y has been deleted. 

This message is printed whenever a point is thrown out 
because it did not satisfy the mesh control criteria or 
whenever a gas and particle streamline cross. 

22. A new streamline has been inserted on line Y between points X 
and Z. 

This message will appear each time a point is added on a line 
due to mesh control criteria being exceeded between two 
points. 

23. Due to gas-particle streamline crossing the point X has been 
replaced . 

This message occurs for two-phase cases whenever a gas and 
particle limiting streamline cross. The gas streamline is 
thrown out. 
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You are trying to throw out point X« the point is a wall 
limiting streamline or free boundary point. You probably have 
an error in your input. 

This error message is usually caused by an error in the start 
line or an error in the boundary equations. Check your input 
data. 

Could not find M = point in BL, EDGE Mach No. is 

When merging the boundary layer results with the inviscid 
results at the exit plane the program searches fur Mach = 

1.03 in the boundary layer results. If the program cannot 
find M s 1.05 this messge is printed out. Check the boundary 
layer results. If this error message occurs there is an 
error in the RAMP2F code or the boundary layer results are 
Inviscid. 

Cound not find boundary layer edge on start line. 

The edge of the boundary layer could not be matched with 
inviscid normal. Error in code or boundary laj'er results. 
Contact author. 

The inviscid portion of start line was moved (ft/m) to 

match edge of boundary layer. 

In order to satisfactorily patch the boundary layer results 
with the exit plane inviscid start line the exit plane normal 
is moved slightly. This is a normal message and can be 
Ignored . 

Bound cannot find positive argument for conic equation. 

There is an error in your boundary equation coefficients for 
conic equation. Check your input. 

Temperature of is out of range in CHEM, the solution is 

flushed. 

A temperature has been calculated during a finite rate solu- 
tion which is out of range of the thermodynamic tables. 

Check your thermo data tables for errors, check for errors in 
your start line or, take smaller steps. 

Error (FIXIL-WALL) - XMACH.LE.1.0 

Error in rwo-phase transonic solution. Cannot find suspen- 
sion Mach number on nozzle wall. Check geometry and tran- 
sonic input data for errors. 
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31. Error (FIXIL-AXIS) - XMACH.LE.1.0 

Error la two-^phase traasoaic solutloo. Cannot find super- 
sonic Mach number on nozzle axis. Check geometry and tran- 
sonic input data for errors. 

32. Error*** Species data from tape do not agree with card Input 

The TRAN72 data tape input to the program does not match the 
species input for the finite rate calculation. Check TRAN72 
results and thermo data input to RAMP2F. 

33. *****Error***** input parameter too large 

Input parameter for finite rate case (Card 6) exceeds 
dimension limits of program. Check input. 

34. Cannot find wall Mach number of 

The gas transonic module looks for a Mach number of 1.33 to 
anchor the start line to the nozzle wall. If the solution 
does not have a Mach number this high on the nozzle wall, the 
wall Mach number (1.53) is decreased until the start line can 
be anchored to the wall. If no Mach number on the wall is 
found after four tries the solution is terminated. Check 
your transonic input data for errors or check nozzle geometry 
for errors. If no errors are found increase the downstream 
solution area ratio input on Card 20e. 

33. Cannot find axis Mach number of 

Same as above except for axis Mach number of 1.13. 

36. The point could not be found on start line; Couxd not 

locate limit streamline on start line or, PUNEX cannot find INDX 
limit streamline. 

Routine (RUNEX) which generates exit plane SPF start line 
cannot find the limiting streamline. Check particle size 
distribution for errors. Check geometry. If no errors are 
found, contact author. 

37. Temperature is out of range for startline enthalpy. 

When setting up a finite rate start line within the program 
the program looks up enthalpy using input thermo tables and a 
known temperature for the start line (as input by user). If 
the program is unable to locate a set of points in the table 
which bracket the startline temperature this message is 
ourout. Check your input start line and thermo tables for 
errors. 
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38. The starting point of particle streamiine tracing through 

boundary layer for particle Is beyond exit or particie 

Is upstream of the limiting streamline intersection with Bl. 

Program has encountered difficulties in establishing starting 
points for tracing particle trajectories through the boundary 
layer. Check input geometry and starting line for errors. 

39. ITSUB WNC in mass 

The gaseous transonic module uses the location of the nozzle 
throat (M=1.0) and an input value of mass averaged 0/F ratio 
OF total enthalpy to calculate the engine mass flow. If this 
error message occurs check your thermo data tables, nozzle 
geometry and card 20C for errors or Inconsistencies. 

40. ITSUB WNC in start for downstream boundary area ratio 

During initialization of the gas transonic solution the 
program establishes the downstream limit of the transonic 
solution based on the input geometry, location of throat and 
downstream area ratio. This error message Indicates an error 
in one or more of these data. The code also uses the XMAX 
for the last upper solid boundary to establish an increment 
to start the iteration. If the XMAX for the last boundary is 
too big this error message is possible. Decrease the XMAX or 
change subroutine STARTV (SAVE(2)=DX) to SAVE(2) = 10*DX. 

41. ITSUB WNC in start 

The initialization roucine (STARTV) for the gas transonic 
routine could not converge for a particular station. Check 
your input data (Card 20c, d or geometry) for errors. If the 
station on which this occurs is not the upstream limit 
station the results of the transonic calculation are valid. 

42. Temperature is out of range for T-F(H) iteration in THERMl or 

temperature out of range for T = or ITSUB WNC in TOFH, T, 

H2, ABIFF 

Indicates error in temperature or enthalpy lookup for finite 
rate case. Check your input start line and thermo tables for 
error or decrease step size. 


7-63 


LOCKHEED-HUNTSVILLE RESEARCH & ENGINEERING CENTER 



LMSC-HREC TR D867400-III 


7.3 PROBLEMS COMMONLY ENCOUNTERED AND SUGGESTED FIXES 


This section is intended to aid the user in utilizing the program and 
avoiding some common problems. Also included are some general comments on 
inputting the code. 


The following is a list of hints to the user: 


• The numerical scheme which the program utilizes lends Itself to 
evenly spaced points. Therefore, when setting up a start line 
try to ensure that the points are as evenly spaced as possible. 
The only exception to this rule is in the vicinity of large 
gradients in flow properties, (e.g., Prandtl-Meyer corners). The 
points in this region should be closer together, and smaller 
axial steps should be taken. 

• In the region immediately downstream of a Prandtl-Meyer expansion 
it is necessary for the program to patch together a character- 
istic mesh with the streamline normal mesh (Section 6.9, Vol. 

I). This mesh construction can result in two unique problems. 
First, if the first normal beyond the corner is too far down- 
stream of expansion, it is possible for the code to be unable to 
Intersect characteristic lines. This normally will only occur 
for high altitude cases. To fix this, take a small step. If too 
large a step is taken at lower altitudes, streamlines may cross 
which can result in a subsonic Mach number or negative velocity 
me.'<sage. To correct, take smaller steps. On the other hand, if 
the first normal downstream of the corner is too close to the lip 
the points in the fan may be too close together. This may cause 
probleps with characteristic line intersections with previous 
data surfaces and result in excessive Iterations or no conver- 
gence of points in this region. It may also result in the 
necessity to take too small a step in order to proceed with the 
solution. To correct this problem, a slightly larger step must 
be taken so that • e first normal is farther downstream of the 
corner. Shown on t..e following page are sketches of normals 
which are too close and too far from expansion corners. 
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Noma! Too Far 0'>wnstream 
of Expansion Corner 



Normal Too t lose to Expansion 
Corner 


The two-phase transonic module requires the Mach number at the 
interaction of the start line with the axis (AXISM) and the 
nozzle wall (UALIX). Default values of 1.1 for AXISM and 1.4 for 
WALLM are used in the program. These values have been chosen to 
provide the best start line for most standard nozzles. In the 
event that y»ur particular geometry results in a start line that 
produces results, that go subsonic or produce a start line that 
is Inclined backwards (l.e., x increasing from centerline to 
wall) different values of AXISM and WALLM may be input on Card 37. 

Since the program uses streamlines and normals to streamlines 
(except for shock capturing solutions) to construct the mesh it 
is always assumed that each data surface is a true normal. If a 
start line is input which is not a normal, it is possible to 
encounter difficulties in getting the solutio- started. Shown on 
the following page are three sketches of candidate initial data 
surfaces. 
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Sketch C — Normal Not Inclined Enough 


The program checks the stare line to see if the start line is 
laclined too much to the flow (see sketch B above). In the event 
that the startline is inclined too much, a different mesh con- 
struction technique is used just downstream of the start line 
(see sketch on following page). Also, the numbering system is 
changed for the points on each data surface. The last point is 
identified as point 99 and the remaining points numbers decrease 
to 99-N-l-l where N is the number of pooints on the normal. After 
the normals move off the startline Point 1 is the axis point and 
the wall point is 1+N-l. 
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Sketch A is true no real. Sketch B is inclined too much and Sketch 
C is not inclined enough. In the case of the data surface which 
is inclined too much the code will probably have trouble finding 
the characteristic line intersections with this surface during 
the next line's solution. When the code is unable to obtain an 
intersection with the new data surface after backing up 10 tiiKs, 
the case is terminated. A normal which is not inclined enough 
will result in normal lines crossing as shown in Sketch C. The 
solution will usually have no trouble in obtaining a solution for 
the new data surface although several lines nay overlap. To fix 
both of these cases, regenerate the start line so the normal line 
is a true normal. 

A large percentage of problems encountered is due to errors in 
the boundary equations. These errors can result in messages 
being printed out such as subsonic Mach number, negative velo- 
city, or possible systems error messages due to bad interpolation 
factors. If any anomalies are encountered while the code is 
solving an upper boundary point, the following are some of the 
errors to look for: 

a. A discontinuity in boundary equations where the equations 
are supposed to match. 

b. The boundary equations are not in the same units as the 
start line. 

c. The start line does not fall on the first boundary 
equation. 

d. For two-phase cases the input throat radius is not 
consistent with the throat equation. 

e. There is an error in th>> equation itself. 
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• Care should be Cakea in selecting the particle size distribution 
for any particular case. If the particle sizes are too large for 
the aotor being analyzed then the lags are too great, thereby 
comproalslog the results. If tl» sizes are too small, tten the 
particles may try to tbeimally and tranlationally equilibrate with 
the gas which may result in numerical problems. (A discussion on 
how the author determines mean sizes and distributions is con- 
tained in Section 7. 1.3. 2 of tKs volume.) 

a If the user is interested only in such things as nozzle wall 

pressure and initial plume expansion angle then a single particle 
size having the mean size for the aotor is sufficient for good 
results. However, if the user is interested in two-phase inqtinge- 
ment, then a good distribution is necessary in order to get satis- 
factory Ifflpiogeaent results. ..ection 7. 1.3. 2 contains a discus- 
sion of particle distribution. 

a There are some specific do's and don'ts associated with iiqmtting 
a start line with cards. The following hints are what to be 
careful of when setting up a case where the startline is read from 
cards. 

a. Make sure that the number of gaseous startline points 
corresponds to the value input on Card 5 (IC0N(3)). 

b. The gaseous start line points should be input starting from 
the nozzle centerline and proceeding to the upper boundary. 
The particle properties should be input starting with the 
first point nearest the upper boundary which has particles 
present and inputting the particle data down to the nozzle 
centerline. For each point the particles should be input 
from the smallest size (particle 1) up to the largest size 
(particle 6). The same particle number must always be used 
for each specific size. 

c. A common mistake users make is to forget to input the number 
of gas points (NSETS, Card 25) which have particles present. 
This only applies to two-phase cases. 

d. Whenever a restart is used it is necessary that the last 
point on the start line (upper boundary point) be a point on 
the first boundary equation. The first boundary equation 
must also be a type 1 or 2 boundary (conic or polynomial). 
Thetefore, all boundary equations prior to the one which 
applies at the boundary startline point, must be removed and 
IC0N(4) adjusted accordingly. Cases which are trying to be 
restarted in the plume require a fictitious boundary for the 
first equation. This equation consists of a straight line 
which passes through the boundary point and has the same 
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slope. The next boundary equation should be the original 
free boundary equation. A sketch describing this requirement 
is shown below. 


V .M 

« OB 




Boundary Point 

M - TAN(e^) 
B ^ Rb - M Xb 


e. The Hach niraber which is input on the startline cards must be 
within the thermodynaaiic table entries for two-phase cases 
which utilize equilibriim tables with multiple enthalpy and 
entropy tables. This is normally a problem only for high 
altitude plume restarts. If this is ever encountered, 
contact the author for a toiporary change to the program so 
that gas velocity m::y be read in instead of Mach number. 

e If gas thermodynamic data are coming from tape be sure to set 

lOON(l) " 2 (Card 5) and also use exactly the same gas header card 
(Card 10) as was used by the TRAM72 program to generate the tape. 

a For gas data coming from cards be sure that the units of the gas 
properties are consistent with the units identified on the gas 
header card (Card 11). 

e The entropy and total enthalpy levels of any start lines input to 
the program must be consistent with the gas thermodynamic tables. 
This is generally only important in two-phase cases. If the start 
line was punched by the program on a previous run and the same gas 
thermodynamic tables are used then the gas entropy and total 
enthalpy levels are consistent. However, if the start line is 
generated by some other code, care should be taken to enter the 
entropy and total enthalpy to obtain the correct static gas 
properties (P,p, T). For ideal gas ttn>-phase cases the total 
enthalpy is calculated as follows: 

“t “ S ^OL 
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where Cp is the ideal gas Cp defined as Cp = YRyCY-l) and 
is the local total temperature including any two-phase 
losses. Tq and are the combustion chamber total temper- 
ature and pressure. The static pressure is calculated via the 
following relationship: 


P 


"o 


Y/Y-1 


^S/R ^ 


y/y-1 


The local static temperature is calculated using the local total 
temperature. 

For equilibrium chemistry two-phase cases, the head loss due to 
the difference in total temperature between local and chamber 
conditions is accounted for by the change in entropy level between 
the total enthalpy tables. It is therefore necessary to use two 
entropy tables and more than one total enthalpy table for two- 
phase equilibrium cases. The user must also be sure that the gas 
total enthalpy at any point in the plume will never exceed that of 
the highest total enthalpy table (Ah - 0} or be less than the 
lowest total enthalpy table ( » - AH max). A AH^ of -300 

cal/gm is probably the largest heat loss that need be used in the 
modified TRAN72 program for t%ro-phase cases. 

• For finite rate chemistry cases the following precautions should 
be taken 

1. Be sure that the order in which the chemical species names 
appear are the same for the thermodynamic data tables, the 
startline mole fractions and the catalytic species. 

2. Be sure that the temperatures in the data tables are the same 
for each species and that the number of temperatures are the 
same. 

3. Be sure that the enthalp'*^s and entropies are referenced to 
the same temperature for each species. 

4. The program is set up to "freeze” the chemistry on the start 
line and will keep the chemistry frozen until a complete 
normal has been computed. It is recommended that the start 
line should be as near to a normal as possible. 

3. The run time for a finite rate chemistry case is much longer 
than for an equilibrium case. 
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8. SAMPLE PROBLEMS 


This section contains seven sample problems which are designed to aid 
the user in familiarization and preparation of input data for the RAMP2F 
code. Each sample case will consist of a description of the problem, a 
listing of the input, selected parts of the output, and in some cases, a 
detailed description of the development of the input data. All cases which 
include a boundary layer and plume restart calculation require an execution 
of the BLIMPJ module followed by a RAMP2F execution. The BLTMPJ execution 
requires no card input. The second R/^2F execution requires card 1 with a 
"1” in Column 5 , 


8.1 SAMPLE PROBLEM 1 - SPACE SHUTTLE VERNIER MOTOR 


The Space Shuttle Vernier Reaction Control System (VRCS) motor is a 25 
lb thrust bipropellant motor which has the following geometric and operating 
characteristics : 


Throat Radius 
Area Ratio 
Chamber Pressure 
Propellant 
Fuel 

Oxidizer 
0/F Ratio 


0.01708333 ft 
20.7 

110 psia 

Monomethylhydrazine (MMH) 

N2O4 

1.648 


Figure 8-1 presents the detail of the nozzle and combustion chamber 
geometry. This is typical of what the nozzle/plume modelers can expect to 
have to work with to set up the input for calculating a nozzle plume flow 
field. 

The first step, and usually the most difficult, is specifying the 
nozzle geometry. Solid boundaries can be input in two basic ways: 

(1) analytic functions (conic or polynomial equations), or (2) point 
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Z B Quoiber Length to ^ IhxoAt ■ 2.165 to 2.265 inches 


Xin. 

Y (Coated) in. 

.000 

0.205 

.500 

0.328 

1.000 

0.452 

1.500 

0.568 

2.000 

0.677 

2.500 

0.776 

3.000 

0.867 

3.500 

0.952 

4.000 

1.030 

4.500 

1.097 

5.000 

1.158 

5.500 

1.214 

6.000 

1.264 

6.500 

1.309 

7.000 

1.347 

7.500 

1.385 

e.ooo 

1.422 

8.500 

1.456 

9.000 

l.e88 

9.500 

1.516 

10.000 

1.536 


(HOZZLE CONTOUR • REF. ONLY) 


Fig. 8-1 Vernier Motor Nozzle Contour 
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specification (R,X,6). For simple geometries analytic functions are 
easiest. Many nozzles do not lend themselves to be easily defined by 
equations, and the specification of X, R and 8 is necessary. 

The geometry for the vernier nozzle was generated in two steps. First 
the geometry downsteam of the throat was determined in the same manner as 
the first sample problem in Section 7. Finally, the geometry from the 
combustion chamber to the throat was specified. 

The first step in specifying the nozzle geometry downstream of the 
throat was to use the tabulated points given in Fig. 8-1 to determine the 
variation of flow angle versus distance from the taroat. By assuming 
straight lines between each two consecutive points and applying the slope 
of the straight line at the midpoint of the points. Fig. 8-2 can be con- 
structed. The throat section is a straight line determined from the throat 
radius of curvature. The area is "faired in” from the end of the throat 
section to the first plotted point. The maximum angle at which to apply the 
circular arc portion of the throat was estimated to provide a smooth transi- 
tion to the contour. In many cases the location of this point is a spec- 
ified contour point. In some cases it would be necessary to plot the nozzle 
contour using the points and from the plot pick off additional points to aid 
in the specification of the variation in flow angle with X. In general, 
more points than were specified downstream of the circular arc portion of 
the throat are necessary, but since the vernier engine contour is so well 
behaved only the points given in Fig. 8-1 were used. The location of the 
contour from the throat to the end of the circular arc were determined 
knowing the radius of curvature and throat radius. The points were spec- 
ified every two degrees in flow angle. A tabulation of the points and flow 
angle is given in Table 8-1. 

The determination of the geometry of the nozzle upstream of the throat 
required some scaling from Fig. 8-1. The diameter of the combustion chamber 
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Table 8-1 TABULATED NOZZLE CONTOUR EOR SPACE SHUTTLE VERNIER ENGINE 


clal Distance 

Radial Distance 

Flow Angle 

•om Throat (ft) 

from Centerline (ft) 

(deg) 

X 

R 

e 

-.03422505 

.03333333 

0.0 ^ 

-.03300388 

.03330135 

-3.0 

-.03178605 

.03320551 

-6.0 

-.0301733 

.03297885 

-10.0 

-.0281859 

.03253826 

-15.0 

-.0262446 

.03192616 

-20.0 

-.0243639 

.03114718 

-25.0 

-.02255838 

.03020726 

-30.0 

-.0208416 

.02911355 

-35.0 

-.01922667 

.0278744 

-40.0 

-.0177259 

.0264991 

-45.0 

-.01614389 

.0247484 

-50.79658 J 

-.014731 

.02318527 

-45.0 ^ 

-.0133914 

.0219574 

-40.0 

-.0119495 

.020850999 

-35.0 

-.01041667 

.01987447 

-30.0 

-.00880454 

.019035254 

-25.0 

-.00712542 

.018339737 

-20.0 

-.00539206 

.0177932 

-15.0 

-.00361767 

.017399838 

-10.0 

-.00217767 

.01719746 

-6.0 

-.00109033 

.01711188 

-3.0 

0.0 

.0170833 

0.0 

.000727083 

.0170960 

2.0 

.00145325 

.0171341 

4.0 

.00217767 

.0171974 

6.0 

.00289942 

.0172861 

8.0 

.003617667 

.0173998 

10.0 

.0043315 

.0175386 

12.0 

.00504 

.0177022 

14.0 

.00666667 

.0181137 

14.4 

.00833333 

.0185456 

14.65 

.01166667 

.0194216 

14.8 

.01666667 

.0207427 

14.8 

.04166667 

.02733333 

14.35 

.0833333 

.0376667 

13.57 

.125 

.04733333 

12.72 

.1666667 

.05641667 

11.81 

.2083333 

.0646667 

10.8 

.25 

.07225 

9.95 

.2854167 

.078270833 

9.5 / 


X = Xj. + ri 8in0 
R = Rg - (1 - COS0) 


X = sin6 
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Fig. 8-2 Nozzle Wall Flow Angle vs Axial Distance 
for Space Shuttle Vernier Engine 
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was determiaed to be 0.8 la. and the distance from the throat at the 
beginning of the contraction was approximately 0.41 in. Next the contour of 
the combustion chamber is plotted on graph paper. A circular arc was used 
to take the contour from the combustion chamber to the throat circular arc. 
A circle with a radius of 0.28 in. was used. Figure 8-3 shows a layout of 
the combustion chamber/ throat region. Hie two circles must match exactly. 

At the intersection of the two circles the flow angle is the same. Using 
this equality, the angle at the intersection can be determined from the 
following: 


- r^^ (1 - cos8) ■» R^ + r^ (1 - cos0) 


By substitution of the knowt -'menslons given on Fig. 8-3 the attach angle 
is found to be 50.796586 deg. lie exact distance from the point of contrac- 
tion to the throat is determined to be .4107006 in. using the following 
relationship . 


X * r, sin6 + r_ sln0 
cl z 

Now that a complete description of the combustion chamber throat region has 
been determiaed (two circles), the points describing the region were deter- 
mined and are tabulated in Table 8-1. 

The propellant for the vernier motor is MMH/N20^. Equilibrium/ 
frozen chemistry was selected for this problem. The TRAN72 data for this 
system are shown in sample case 3 of Section 4 of this report. Since a 
boundary layer is important for applications of the vernier plume, the 
variable total enthalpy option was selected. The range of total enthalpy 
was determined knowing the nozzle wall temperature and making several TRAN72 
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calculations until tlie lip wall temperature was obtained for the bounding 
set of total enthalpies. The nozzle wall temperature boundary conditions 
for the vernier motor were based on the Space Shuttle RCS measured wall 
temperature data discussed in sample problem 2. A constant wall temperature 
of 2300 R was used. The adiabatic wall option could be used but the 
resulting wall temperature would be too high. Another source of wall 
temperature data would be the engine manufacturer. The flow was initially 
estimated to freeze at a pressure ratio (P^/P) of 2. Using the results 
from Ref. 19 and the 0/F ratio of 1.648 a better freeze pressure ratio would 
be 3.2. However, the effect on the nozzle and plume results due to this 
minor variation is insignificant so that the original estimate of freeze 
pressure was used. 

The single phase transonic module was utillzec to generate a supersonic 
start line. Since the usual use of the vernier flowfield calculation is the 
plume at relatively large distance from the nozzle, the transonic effects 
are negligible. However, for purposes of demonstration, the transonic 
calculation Is Included. Input data required by the transonic module are: 
the axial location of the throat (0.0), the station to start the solution 
(-0.03822505 ft), the entrance to the converging section, and the total 
enthalpy (133.344668 Btu/lbm) of the combusticn products at the combustion 
chamber total temperature. Total enthalpy is input instead of 0/F ratio 
since multiple total enthalpy tables are input. The enthalpy was obtained 
from the TRAN72 results for the QDOTP = 0.0 table. The remair er of the 
data input for this case is fairly straightforward. 


8-8 


LOCKHEED-HUNTSVILLE RESEARCH & ENGINEERING CENTER 



LOCKHEED-HUNTSVILLE RESEARCH & ENGINEERING CENTER 


SAMPLE PROBi.KM I INPUT DATA 


EPAC-: ‘.huTUV 4!i»' 


• v-1 7ii833 53 


J • >i 

1 

1 i: . 


: .42 

1 ' 1 

^ 1 1 

« 4. 


-. .',4 2 2-.. ,‘i 

. 5 3 i 



' 31 7/.b :s 

. .5 '2 .-.r- 

i *-6 • 


-. '2‘i 1« 

. 3." ' 2. -1 ' . . 


-. '243639 

. 311m n 

^ -?t . 


-. '2J6.4 16 

, 2 1 1 ‘ b 

5 -3-. 

1 

-.'.177259 

. ;'».4'-"ii 

-4"j » 

' 

-. .14731 

. . 2 •> 1 •. 2 

7 -4*. 

' 

- . . 1 1 9 4 >. 1 

. 2 



*?> 

c 

• 

1 

. l-'. ^-.2 

•j4-25 . 

1 

-. 005 I.fc 

..'177932 

-15 . 

tl 

-• )j2177A7 

. ' 171':-74 

— 6 . 

1., 

b . J 

. : 171.4 33 

3 .5 i) 9 j 

, 1 

. i 1 4 5 3 :• 5 

.,,171341 

4 . 

J 

.1. 

. 17? '..,1 

" . . 


• 1 .433 1 * 

. .'I 7^■‘■^t 

12. . 


. ( L' 6 £. 6 6 7 

. l.'ili. 

14 . 4 


• J1166E67 

. .194. 'If 

14, 


.0416t>c.b7 

. ^273333 

1 4 . 

' 

• 12S 

. 4^'.52?, 

1 ? . 7 2 

* 

.20633333 

.. f.49.,i. 7 

1 0, < 

J 

,2854167 

. . 7<- ;’7 



.1 -C4 

.£.4 6 PC:ll 


ffS 

13 5,5 

-.■■342250 

• 

. • 

-1 . . 

. • 1 

• 

2 ■ . 

.0.6 

1 ^ . 

4 

r 

• • 


.’5 

• ' 

*< • 



33:. 'I3fi8 
-.'(3(11735 

''22*b5fi 36 

-.'•133PI4 

-.’:10<H667 

'r7125<(2 

JC361767 


,333:1 3*. -3.U 
, 32‘»78R*. -1' 
3n?ftlf -2 I 
3P2?7?.6 -3K. 
(27A7AA -4'J. 

\2A74AA -ST. 
219*74 -4 U 

1987447 -31. 
1P339737-21. 
J1739983P-1 0. 


- 3 . » 

-1 ' 

-2 I 

-3K. 

-4 >1 . 

-ST.79A5A 

-4 1 . 

-3 1. 


,Tf'109033 

.‘il7U186 

-3. 

1-007271183 

,3170960 

2,0 

'■ '1217767 

.3171974 

6. T 

VI 36 1 76 67 

• ■)173998 

11.0 

off. 04 

, '177C?? 

14. 

:.'.»833373 

. . 185456 

14.6b 

'1666667 

. 237427 

14 .8 

...8 333.53 

..,376667 

13.57 

1666667 

. .56 4 1667 

11.81 

?b 

..-.7225 

9,95 


1 T lUf. 

1 u00« 



LMSC-HREC TR D867400-III 


OfilGrr.'AL F.,:-.. 

OF POOR QUALITY 


SAMPLE PROBLEM 1 OUTPUT 




It iMf i6ca**tfttH 

MiMr^vUt* HMi 

MdCft 

COMUa 






Hu* it 





1 













•m Ctf*i«oi 






liWI 1 1 

> 

• 

lUI II II 
It 


1 


1 

Ml 



tl»l 









■■■ 

HHH 


■MMi 

Miifi 


ilHiflllH 

■HI 


»#u Tc»s rrrm 

UmHI 

HHiililMfl 

§■■1 




1 l••*v 

K 

• IMCI* 



" 



-.S2»?-C1 


: 

' 


• 1 *i*V*LI 

• Uf r«-«i 






• llSSf*91 

•ltf7»-«l 



3 





BIHUHHIIIH 

i 



• i(T« 




■» 



••MfSV*Dw 


\ 


• .Mlvt-'l 




i 

•• 


.•«JP%»Vl 



: 



t 

I•f|»t•e6 


f 

>t 

If* 1 

> 1 1 If 1^1 




<1 


"TT^Tfr^r^” 



’’ 


■B&liEOH 




; 


•7|T?T-«i 




) 

r 



• 1 1 tA 3 - L«i 
-l?*sl*rD 



• 





* 

* 





* 



I*!--! 



• 




•?S“f S»fO 



Mire«tMlC ^lO* ««Ai?Sls 1M| 

ib<"**CfDHMHIlT&Vll.lC "VlTirLl SHDCB CMDuUD 

MDDMII 




C«>C ff* 0 

DISC a 

^^•(l \Mutltt iMilLE 

••ir«U«tT r0l«TS 

IfPt 

— rmw; — 

1 

.•ssii*«u 

i 

INI II 

• 7l«M*fD 


; 

'1 

— 

.1»44T*Oa 


• 717311'iU 
•7aii7»OH 


• 

■ n — 

1 


.ifUT^TT 

•7 PISH'D! 



T 

1 

f "■ 

.Tiwqig — 

•mM 

TFlTTPCr 



IT- 

*1 

9 


7VOUBV •!»»•« * *NMI0 




• 

• 

— nivrf'iisuauivf 

r 0 C 

Nil 

r 

" 

• >•1/4 1.® 


wr’»t »gi.uyi in tilt tU'OWlim ■lltlit 



i w miitm BU wui’ui ir » i» ii » in «n »iw — w»i oct.mi niiiu 




S 

* 

» 

6MP»a 

t 

# 



.UOODD 


.||«II»0I 


•llDCb*Dl 




•l7fDT*0f 

• 1IFMI5I 
.nfTv»oi 

•ikinfiVD “ 
• |S«SI*«if 

•SSuCO*Qf 



>iiinMr- 
• lMlS*Uf 

WlVD'MDf ‘ 
•22fO?«Q* 

•llUSf«UI 

•Ill7f*0l 

•l/isivvf “ 

•llbnQ«Q2 



,f}FfBiiH 

••S|T|*wf 

•^IfUMUf 

•l7fP7*Q» 



•tlsro*Oi 



.MWIfim 

.S?«S2«b* 

.27fnT«Df 


• mS9«tf3 

•2luOO*00 


o/r 


rrw 

UBl flOFimUS 


""ki77%*nf 


S 

• UTDT'II 

f 

R 

^TWIII 





•210l«*U* 


.I7lf |ID1 
• IM7f«DI 

• ilU0*Hf 

•Ilf! {•a? 



•lfflS«Jf 

•2Hfl*T}f ■ ■ 


•If* ?S*0f 

I<2Dro*02 


8-10 


LOCKHEED-HUNTSVILLE RESEARCH & ENGINEERING CENTER 






























ORIGINAL P/ ‘ 

OF POOR QUALilY LMSC-HREC TR D8()7400-1I1 

SAMPLE PROBLEM 1 OUTPUT (Cont'd) 


Via* 1ISIW4 ittr i6c»MC€M-«uwt>tiu.r 


vr«fi AO.‘/l| *'»• *1 

¥ff 

cAvr M. 0 

•r«i' CAS ^vvFmict 


- 

rAM 

i t 

• SAMI* 

1 

• 




•<!*••••• .aiiAa^of 


'.iiMo*ax 





•MCtlHlt 





.ato*c» 0 A .isccr««i 

•«««cr*as 




Off 








.]w^* *0~ 

,t>TSCA|^ 

♦iTsir^i — 
• ltSS 2 * 0 | 

♦ACOfCAOC^ 

• 2 StOS‘OA 

- •UBOCAOI 

.Aatvi^oi 




■«<cacc*'^ 

•< SI SCAl^ 

.asM«*«c 

.| 2 C*»I *91 

. 1 C«««* 0 C 

• 22 M«d> 




•$aa?c*jA 

• 2 SV 1 C*«« 

•|SIAC*«I 






■ 5 ^COW*T^“ 
• SCCIS*^ 

• 21 tS«- 9 A 

.u«n*«a 

•CCf?S*«S 

•ii Wi 





•^SISCA|^ 

•CAR 

CAS Mcnctics 





% 

V 

• 

SAMAA. 

» 

A 




»b 0 »«O 

. 25 ’U*«« 

• & 7 «y 2 *«i 

•mss* A 

.U 6 *D*«S 




V JC| CCA ^c 

. 21 fSS* 0 « 

• ftC* *«>vs 

. 12 «CS*«| 

• 2 « 2 CS*«« 

• SS«M*tf 2 





. 2 tfu«a* 

•i 2 cic*ei 

. 2 sy« 2 *C« 

• 11^*02 






•iy*«s*oi 

• 1 S 1 «C*C« 

• 2 TS«I*«I 




•ricM*^ 

»rsi 

.inia«ci 

rtrs 

•4iae9*09 



Off 


m XwCir 




SUAfll&dAlC 

VlO* ACARTSiS l«r tACAnCOfllMTSf URf AuiUAK SWOCA COnAwtCA NtCMAM 




CAM ac. 9 

»AC( 

A 

^»ACt Sf««ivfu «rA*ifi M2/LC 

A/A*=2| 




s 

t 

• 

4 AIWA 

T 

P 

.jtS_ 


•2SMt*C* 

.S2«04*CI 

.SMTS*0« 

*•91221*02 


• !*• • * • 
.SoSCi* J* 

•2IT9y*Vi 

•2sysf*o« 

•imnn 

•1240J*OI 

.20144*tt« 

•SS00B*0l 

•22000*02 


■.THTi*®*” 

• AA»A|»C« 

•XJVIT’UV ' 

.297IT*0« 

•ixTinsn 

.|2424*CI 

•AA9»0«4^ 
•21110* tt4 

~110HIA02 ■ ■■ "" 

•SS(rtlO*OI 


•IC««|I1|4 

•T*|4A«J* 

• 2Sn7*04 

• nCSfAUI 
•inii«9i 

•l4S«t*0« 

• UO«IO«OI 



V(AR 

4AS PCC^CttUS 


V7T 

-•lAAIS*^ 

S 

f 

0 

4AIIMA 

1 

p 


•cnocc 

.2ir«7'9« 

.l2l«7*Ct 

•«»OM*a« 

•11400*01 


• IA«4S»«|A 

.2irA«»cA 

TlTTUmr 

•|7l9C«0t 

•iTvn*ftB 

• M900-U* 

.41(^9*97 " > • 

•SS0O0*O2 


•S!CfC*8* 

•A2SS|*J% 

•2 

•?I74«*0A 

•12411*01 

' " • j«aSS*U^ 
• 20IM*#« 

•11400*02 


. VASOOtJA 

.2W«f*04 

.i2iif*or 


•2fS»D«ai 


.•4|t2*^ 

•• Plv»iia 
.21IM«0A 

•|IS7C»0I 

•frun*^ 

•lt$S2*OA 

711W9T " ■ ’ “ ” " 

•22000*00 

Off 


“ ■ BIH 




s 

•wf'ono 

C 


— cicci 




• 'jOSOU 
.IS44A*..* 

• •TSV|Ai|4 ” 
.2ltn7*g« 

'•110110*0' 
. 12012*01 

•A«22J*G« 

• 9IA74-C2 


.IMI4V.C 

.STOPa»Oa 

•2S7«S*0« 

•17119*01 

• 174U*0I 

■ ■ •VUSI1L9 
•S42:to*«« 

;ss6n*97 ' ' 
•22An««o2 


. MOA 2 • 0* 

•2S7«S*G« 

•424*O»0t 

.2TJ?A«bA 

•SSbOO*Ol 


. rN»9i*g* 
.«AS1|*4A 

,2l7A»*a« 

• ; -4*^1 •<*AIV*V* •««>”«*«■ 

• I2aU*0I •|A19a* 4A •iii»ro«oi 


;'CTTSS»'3C“ 

.71f»5* JC 

0(Ai 

.1*719*01 — nnTzmc — ^;7?onmnr 

GAS AAOAlOlltS 

C7V 

-•s«2«‘A.<jr 

s 

f 

A 

4AAAA 

f 

P 


. ^«109 

.:«if (•u* 

• l|A77*0f 

.>l«T«*i.* 

.llv(G*Ol 


8-11 


LOCKHEED-HUNTSVILLE RESEARCH & ENGINEERING CENTER 

















LMSC-HRFX: TR D867400-III 


UHVL' •- ' 

OF ^ 

SAMPLE PROBLEM I OUTPUT (Cont'd) 





• 




.»!«««•«• •>««•<••• .MM*** 


.2«ie2*o* .uiia^ot .tfanp^M 

■ 0/F l•MS«»IC 



•idOo«a* •))!•*«> 


S^Kff ViWtfLE ««mt A/**:!* 



• •uaa*«2 


.?r*r-«t .iiav^aa 


• •irT2*J^ .t|^B*07 •4»««*wt •ISS»*tfS .1I4V-M 


• •ivi2*jn -•ii)t:»(»7 .tt««*OT •4»*%*o9 


• ••fftWVl •IT74*«0 .1S«4*UY .t»4S*vS •ll4«<-«2 


II .I9T«*%0 •.A«sa*«»l .IS*a«4T .Cvaa^al •11M*«7 

‘t : .w» T« m ■ ♦9WH ' ,9 9 *i»ot — ■ 

n •l??4»if** •ls•••')7 .4«*«»U9 .l>S&*U4 •ll4«‘-«2 


LOCKHEED-HUNTSVILLE R' SEARCH & ENGINEERING CENTER 


























vj 1 . r’. 

Of POOR r/' 


LMSC-HREC TR Dtt67400-III 


SAMPLE PROBLEM 1 OUTPUT (Con; ’cl) 



8-13 

LOCKHEED-HUNTSVILLE RESEARCH & ENGINEERIl*; CENTER 















LNSC-HREC TR D867400-III 


S.VIf'i.K PROBLEM 1 OUTPUT (Cont'd) 








(•kC «a« 

u 




a«at a 


VMci «*«./4.r 













ttMk 

CtttarF i«FoaiiAiitf« 






pvrrnmn^ 

.aMoa •: 

...r— 


If — - ■ - 
I «M(ta: 

.«tooa*ei 




1 

1 

rM&Ta«crift« 

•fti at cMtMt^a •? tNC 

raiiMiw uaiUits 




bl IHUIIW 


miiiid 

KlITCS VC^.a.z 

•Ibo^ai T? ~ 







saaca canaafca 

aaaatAw 







CASC »•. 

a 




aaat t 


s^ACi iMiriu •(••ICb M^Af 

A/A*£at 










_> mttiM 

i 

s 

It 

rMtffa 

lataaar 

MtaCftr 

82# 

fta 



««c« Mu.r 

Miuwr 

“■fsnTt 

fCWMldV 

— ul (ibn. — 

iMii uau 

vun iwr- 


1 i 

|fc»i»T " 




.a*tn-ai 


• 2 «aot*a« 

•a 

«li*at*at 

nfjffsfT” 

" 

HMHH 

PUM 


msm 


■Vim 

■RMPl 


■pmn 

HRBfl 

0 

. . 



miiiH 



■iiiiiiil 

miiim 


mHH 



- 



•a«i9«<-a9 


^•tav va*a2 

••7aia-*w^ 

•iiaaa«oi 

«jjvn»ii7 

‘ 0 

1 • 

!•»«? 

- C«»t» 

.f•**r<-02 


.lt••x•al 

•ffyi«*aa 

«i4« ii*ai 

•«2«aa«M 

•sMta*a» 

a 

■■■■I 

■m 

nmmi 



miiim 

miaiiH 



mmHi 



- c«»rib 


»S *11^*02 

•ll«TV*ai 

•«*a«a»o« 

•2«Aa2«8« 

•u*f<*at 

•J9|va»aT 

T" 


-lirfMt 




.11U1.1I 

.u«oa»cii 

•«aaat«a2 

•«SMa*a« 

• ns?a»87 

0 

■mil 

mi 

im^m 

lymm 

B|&mi 

mUiiil 

HBiSiil 


miiiill 

■mmi 


1 t 

lai^f 

* CW>I» 



.tuTw*ai 

•»t8At-a> 

m^SiSnUM 

HRj3Zrsr3 

BS3CISB 

«iiyia«ai 

•iuTf*a? 

6 ■ 

mHH 

m 

miHH 

mssm 

kBI^RI 

Hl^RRI 

HS8SH 

lIRflSI 


HRB9B9 

MW 








#2aifl2«aa 




i • 





““nroniF 

.»a«u*ol 


• 94bly*a2~' 
•2*ia2«a« 


— .iimw 

* 


ISI 


■insni 

|nMM 

■PIHM 


msinn 

BPPWi 







.•iiu.dt 





— auil*al 



1 u 

lir^V 

- cb»^i» 

-• ’^nf-OI 
.knS7*02 

• &!»%« 

.ss*ta-4s 


TinWnSf 

•2«ia2*a% 

.avifeT^a* 

•iiaH*ai 


V 

• u 

iiiniT 

• co»riii 


.S2a2f*t»? 

.tUU*2l 

.SS?T}«mI 


•«««a2«a« 

•iista*09 

0 




•«f 

•*ia*a*u? 

•S23M*3> 



•iiv7»«a> 



1 M 

"Tfc^rr- 

- C«nT|« 



•llavt^r 


••iiaat«ai 

•2«l'W*0« 

• aa9w*a« 

ntSf#«8T 

i 

__l 

i%^» 

• COftU% 

.n»i»-m 


•s«A«t*ai 


-.n72a«y2 

•»3*<S*a« 

•3IJ?a*89 

0 


mu 

■mHi 

mim 

mmi 

mHllil 

mmiii 

nmniiiii 

mumm 

mmm 


i iT 

uHf 

• CMVt« 




•|*2IA*d2 

-.4#f l**wJ 
•2«i02*0* 

w5"i’oT 

^9JlTi*aT 

■# 


mill 

■miiil 

mmm 

immm 

mmHi 

miHi 

mHH 

mimm 

mi 





i*«Nr»Tw« *«vtMftVl«N ACWH5 
»r«Cii fQPtff tQMii 

isa 









.‘*ogo« 

•uOOCy 





OF POOR gJALfiV 
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ORf^JfNAL PAG-I ,S 
OF POOR QUALITY 


LMSC-HREC TR D867400-I1I 


SAMPLE PROBLEM I OUTPUT (Cont'd 

l«tf ^ t l»tt VHOCfc tftHPUl 






(iAf aOft 

;i 



»•« • 

A/A*-'! 

ii>«« votiii BkC«ir 

• HCa(«E 

• 

■ 

«• 

tMTia' 

luiapPt 

■CiOCIIt 

0/2 IIP 




•ifii *«CU"~ 

»ar»v*i 

■vasirv 

TOTOIfBT” 

"TirTTBItT” 

laeu UHi — WMi lUBii ^ 


»? Ik^l 



•««|0^-U7 

«Ja^•a«4•7 

ftiaaA«ft«i 

.viasaapi . 
*%««?• A()a 

•ft|S>ki»P^ 

♦<4162*04 

•Sli2l*«f% 

•I2l64»yl 

♦ »IT4*07 0 


1 ' 1 i*.*vt 




.■«tii.ftt 


-•47t 11*02 

•44U2*04 

•11174*07 0 




• WtaaOI 

ftllaK*|l 

♦aflaaJ-iaj 


♦241U*A 






r«icci 

Hinwi 

Eo»crv 

u:ut< 

pcir? 

I>4 









ftPPote 

.rini.ai 


1 

«• iib^i 



ftt*vAiS-v} 

.taASA«t*7 

ftlSatt*Al 

ft>ao7Pp^ 

•A72t2*«a 

*,9t«44*OI 

.mps*04 

ft>o>n*o4 
•11404 *01 

TUirPST t~ 





MiSVtMC 

*«Uc«atlo« 

PtSOLVS 







VaACta 

-ftia 

raicrv 

.n^ftaro 

— vmt — 

•9*«Q«0 

RlFi 

ft«0*liP 

•Cl f 
ftOODOU 

l>a 

•22>42*05 


• 

u»ui 

- IMII* 


ft^7WI*i*7 


.S«V7i*al 

.44tt4V*«l 

•44002*64 

•11174*07 0 





•«laM*<»7 

•S?l«a-0l 

.»U>f.aS 

ftiaini^ 

• I|4K»6I 





laArci 

nr$s5ir 

'anra 

a«UMall«»ii atMtTS 
I4MI Piira 

PClFt 

!»• 





“•*aiajftii? 

THu^c*' ' 



♦64600 

•I3f4>*§j 


r' 

H lu^JI 

- COnM* 

.I7I<«S-0I 

.9ia«»»<Fy 
)?• a7 

•I74a«t«fli 

•4Sa44'«l 

,S7|S4*P1 

•aastftea 

ft*^ 1404^2 
•24142*04 

ft4TZOt*«4 

.11494*01 

“TIYTIf^oT 0 



HU 

hhhih 

HHRIilfl 

mWHPPVmSH 

hi^h 

^BHHi 






Ta*cn 

ft no.M 

rww itwt 

Milt 

•OODOO 

RO 

•22l42*o> 


% 

HMIKI 


hivsiih 

fti«iaa*v? 

fti7m»p< 


.2S« 11*62 

.44142*04 

•11174*07 0 

H| 


Mllli 


• «4f74ftA7 

roa i-«f 

•apai<l*-i« 


rnwi^ii 





f <^Cil 

^tnca 

vafc<aaflv« nbM.lt 
lOPC/ DtLfa 

6CLM 

l>4 







ftPnp^a 


.illISS' 

.Ulv-a, 


? 


• C9«ll«k 

•Vfc»i*a7 

TTAAav-J.7 

.••a7a*v7 

.4a««K-Ql 

ft%»Kl»*0% 

. >04 74*02 
.24142*04 

.49044*44 

.11276*01 

.»1T4*I7 0 





aatfsuae 

•aU&aaitaa 

p( suits 







f a»^cit 

-fti» 

fztzn 

f^ml 

Vlt»t 

ft 

ft^irt 

ftOflUOu 

l>4 

.22l42*0S 




Ml^lMSOAtc ri.«» AAAL«5|5 u>t«l« tlK i6C*«C10*«WOtAtllLf 

Si«4€« CPPPutta 

66444 46 






c«^r aa. 

a 



aaoc 41 

5#«Ct 5*>WTfl.C 

vlC a/a*.>i 







LlAt 

rO|a»t 0^C«1^ 

- ttCwIM 

A 

t 

a 

tnf I* ' 


VlLOCIIf 

0/f *76 




aick 

VaFS^wII 

HMIIT* 




171" 

1 TfTt — 

- CWf|«" 

.J'.fll ■ 
•llvrAftU7 

• S4«i«*oa« 

»l7a5«*ea 

•ITS4S-U4 ’ 

•24102*04 

♦ llil»*6t 



»A(.L 

- CQ»riBi 

.tS. ! l-4l 

ft^af«i<oc 


ftaraai^Pl 

•ftS?4n*07 

•49444-U4 

•11174*07 2 




ft i«A«a*«< 










fCAce* 

p*A&SWir 

raacct 

TPI(CPaiIiP PiMlifS 

tPMl PtiEl 

OCLM 

I>4 





•fti<*ja*U7 

•UUOO 

.WOOft 





-rr- 

I 3IH 

- EHriir 

ft i^in 1 
ftll%2S«07 

ftSMas'A*' 

ftA|a>aft^l 
ft|22 fS**P« 

ftlT*M*ua 

•24102*04 

•l>0^7*0t 



•A «*IL 

- C4Mlt|« 

.r< 

•7rti5«>aA 

•Sa074*Pl 

fta4#a>*at 

•♦>7411*02 

•9>S44*>4 

•11174*07 2 




riM«v>n — 

ft>9JI>«AP 

.lUUW — 



.KTtlUl 





roaCCi 

PVH&UII 

raa<c« 

ta««7 

Otif 1 

OfLM 

l>6 






ft'i^wno 

.ftftft-W 

•ft 

ftJOlHNI 


■ngmuiiiiii 

miiiii 

BHHIliliM 

HHiilliifelfltilil 

IHBHi 

HHHH 


■■■■■ 

TT" 

1 WIL 

- CWMM 

• Wa'KI 

• UaTS«tf7 

ft]aa7a«4f* 

•l?C7*-»a 

• |t|42*U* 

•24102*04 

•l)041*ul 


liU 

«p «m. 

* i9«riN 


.27JI|«ca 

ftt«l4l«0l 

•«aaTS«ul 

•♦>7411*02 

•49442*64 

♦11174*07 2 


■mil 

IHH 

UnyUjllH 

BMMilljjBI 

BIIIIbb 

BhIIbh 

HjBolloi 

■liooilH 





roACCa 

PVtIlWI 

rgacCf 

TPU^fllvV PiUliTS 
ioa< PI.17I 

OfitT 

l>4 




hbi 

mmumni 

hiihh 



nnmijiii 

HHiillii 

hhhhi 

nr 

1 


• 1 Ia7V*07 

.2"iai*o" 

fti«i«i*i.r 

ftttaiJ'O* 

ftV amu 
•t72a2*uA 

•24162*04 

ftll04>*6l 


i:i 

«r atu 

• COMflM 

•ra*^i>oi 

,i tjPTuri 

ftja2Al«Pi 

• »4«f4l*<fl 

-•474 11*07 


•11174*07 2 




• |ija«au3' 


«AAv 


•24|U2 *04 






f 0»Ctf 

p9{ sjuar 

• oau f 

t9«a/ 

Dttta 

«CiPT 

144 





••A* • »A*UA 

ft 






1 .ft 

1 ll«ll 


• IUT«*G7 

,i’A»»*AP 

ftiiaU'O* 

•I72r|*ua 

•24|62*ll4 

• vl rl>t|^ 
•11044*61 
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LMSC-HREC TR D867400-II1 


OF FG^.v 


SAMPLE PROBLEM 1 OUTPUT (Cont’d) 


no> wnti t unt tig toc««no-.<wii>»un >miu cwim« momm 





C4L1 no. 

0 



0401 44 


4*«Ci ^Utiu lltMICA M/2Lr 








ll«C •01*»l 

. ItHM 

• 

1 

M 


tniMOf 

VCLOUft 

Oil 

tin 



iitM iUll 


T*nnn 


44S const « 

laeu liwu — wet iwir 


i.i %1 ftAii 

“ conilll 

■ .>UiiW1 

•|444|*U< 

«soooo*to 

'IWH'II — 

.IMII-HI* 


.2MQi«0« 


•^17i»0T 

■J 




rnissOTl 

•niictiiion 

tUtftU 







ro»c^4 

a'SlMO 

•MatQ 

wm — 

••t«T»l-0A 

octrt 

•00000 

IS# 

•StSS«*0$ 



4 Mb 4int««ii«r 

MA% tun insftuo eii Line 


li 





1 44ii 

• contin 

•uO««<r»i 


*42l»«*0t 

•Otilftll 

-•f2SSJ*«l2 

•4VtM*04 

.lll?t*D2 

2 



nmmu 

HimiH 

•lintl-On 

BiiiHI 


~ .lloU*U~ 



|JT“ bi iiiCt 

• t6klui 

mtTt-ti 

•l«t4S*02 

•«tt4o*n( 

*01 

•isstn- 04 


•2M02«u« 

•90t4f*04 

•12444*01 

~ lSTfl*VT 

9 




ontsmic 








fiwn 

• rwefw — 

•luQoO 

— fwwi Sim 

.QQOOO 

stirr 

•00000 

ISO 

•11102*01 



1 ««ii 

• conii» 



•4}2n»9l 

.09000 

-•t2JS2*02 

•42424*04 

• 11120*02 

2 




•sinTi*or 


.ITUl.U 

•2llll2«0« 

• I90r0*«l 



tl« %« V4it 

- (MIUI 


.20t42*tiT 

.4ti6»*ac 

.1S«1%*>«4 

•090011*01 

«•»?* 11*02 
•24102*04 

— nmnvc — 
•1 loot *01 

.snit'ir' 

* 




boLssutr 

fiiutntiion 

•i suits 







*»4SL4»*I12 

roBccf 

«UI0U0 

— ma — 

.disasa 

Sim 

•.IOal2*Ol 

SftTT" 
lUma 

II# 

•11124*01 




_ cwiict tw wQwtwmw twc»hT iiiuf tioli row mmi» ttfim to rm simi u< h 

it«« ^r»^cltPv»*«Nvc In Msr fto» 1$ ‘ 

m I S t IS^ : -.ttlfc**!*© 

Ha^Mi CN««Ct'TlE' R»f««v li : ••joulHi 

(«|t l»iANl MM»«l SIMT Line 


• .ooroov 

•2>i4inn*n4 

•4220a44*j1 

•oonooon 

-•I2191|4*U2 

• 1117nttO*07 

• l4l?OOt*.-2 

•2«|4IS4*#W 


• 22429St*'*U 

-.4*snt2*02 

.SlSftutt*07 

•1274224-02 

• 2419044.0.. 

.4217 19ft.. >1 

.4%4 7tM*O0 

-.4479blU*U2 

.4iitnM0*07 

.4911240-22 

.24|#4,I<^.*H, 

• 42lSs4a,« 

• 47?J0*«.-u 

-.4'794ni.a2 

. *11740# *07 

.>S44i4i- 2 

• 24|M>7.i:i 

•4?|I**4« »• 

.i»44T>«*'*0 

-.>719S9* *W2 

• 1J174.,'**07 




• IIM7j|***i 


• »11?4.,#*07 

•»r«icco-i 2 

• 2tl4#44.(H 

.42lSS*4. I 

.1111414.-1 

-.i4|4SM*u2 

• 1Sf7t«.9*07 

• ll*ll4t— J1 

.2411414. Mi. 

• 42U10<^4* ll 

.154%r4l.**| 

-.1QU412|*U2 

.iiirni.r*07 

.Uu2J*l-**l 

.29int4.r » 


.1744«SS**1 

-.2n9T421*02 

•1117toe*97 

• I442w4.'- I| 

• 29|4«SS.'t.. 

.4i9|#n*ii 

. •f4»l99**»| 

-•ll49tSJ*u2 

•1117tuA»07 

• 1421414- 1 

• zounr.n. 

• 41«S4#4*.1| 

•2I4992?.^1 

-•2«12414«uI 

•iiirnoft*07 

• l?2424n-*l 

• 241S4S4.'H. 

.4l74r7s. ll 

.2549S49* n 

.7rQS491*QI 

• 114|40«I*07 

• l*l4 l4«-r| 

.24l*Tt4»f»» 

•4171414* 11 

• 2S4400S***! 

•144SteS9*42 



.2*l»k44.^C< 

.4144 >4|. J1 

• 27S7720***! 

•2241711*02 

.lSS74o#*07 

.424400S-21 

•24ijm* V 

•4I42I4^.J| 

• 294S9 54«**t 

•2#44407*i]2 

•iii7nwC*oi 

.^4 (2«f 

.7>l2*S«*n*. 

.4lSS44|.0| 

• 11*44 )4««»| 

•144l771*a2 

•]117twC*07 

.7SS4«4 *'l 

•7*11^42. Uu 

.4l4912S.ll 

•iiori4i**i 

.404ll4fl*U2 

• iii7tjo*or 

•• ru#40>- ^1 

•79|C*4>*40 

.4|41«1f. }| 

• l4aU99.'t| 

• 4U2494*j2 

.1111440*01 

•2*4^SII*0I 


•4114021. ll 

•1612007.41 

•4294|t4*a2 

•lll74on*ni 

• I0|»»44J--4| 

.290«t4**0u 

.4|1|»Sa*0I 

• 14|2S40*'1| 

.49»S299*j2 

•Iil7ioO*0} 

«}t4#l4>-Ul 

• 29« 1744. Ow 

• 4I2SS4I* M 

.S¥T99l7*4| 

•4409477*02 

•111l4«fl*0t 

• ini44Si-oi 


.4||972«.i|| 

•4|14S4l.*| 

• OS4S4S*u2 

.Ill74o0*02 



.*ni40i*jt 


BBMBl 


•>4Jl|t9-wl 

.29f4474*nt 

•4|07l4w*JI 


•4041421*02 

• 11lfiwfi«QI 

.1144241- 1 

• 29Vll24*0h.' 

•4lbO?2w* II 

.414 7S14.4I 

•I92l4lf*u2 

.S1374v#*07 


• 290<l4T»(lL 

»40944S>* ,« 

•4t4SOI«*n| 

.1749042*02 

.1117440.07 

.4*'lt|4 J-l 1 

• 2 >0U4j4»r' 

• 40i)4Sl* ft 


•1A2«444*u2 

.1112940*07 

.*|t*»22«- t 

.2*49T2r.rv 

440|c7f.'t| 

•SOlbSil**! 

•1474444*02 

.11S240Q*07 

.•J2IITI- 1 



.1IM2S7.*| 

.I«4o7|4*0'* 

• U17««n*07 

.44»; 101-01 

•2l«ll4S*nw 

• 4n47«47. I* 


•1244417*07 

•311740# *07 

• *4 

• 21VM2I«I). 

.4fl4lU*te*iJl 

•S4ft09vS*4l 

.121#344*j2 

.lll74wn*07 

•*T|4|f». 1 

.?44-*»l*l. 

.40S*4l4* ll 


•1114012*02 

.11179. r*07 

•44rtJSl-«i| 

.«»4I1 .<7*1 L 

• 4n477Si* J1 

• S7S64n*^l 

.K4I99|.«2 

.1}*74.''*07 

•'ni74if-ui 

• 2«9|l<4*#<; 

•404lS'». it 

.S49*7i4.-1 

•24Sf4ll*w2 

.!i«74.r.Ol 

.M47S1I- 1 




.«417U4«*02 

• 1M79.»'‘*07 

.S7«tu74- 1 

.?B«49«4**. 

• 4''29}4j,. .1 

.4*9^14''* '1 

• *44lS2v**l2 

.11 W9w#*0f 


»-ib 
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LMSC-HREC TR D667400-LLI 


\ : .. -vv 

OF POOK Qjh-sI* 


SAMPLE PROBLEM 1 

OUTPUT (Cont’d) 






• ji 

“1 

• )imiii»*or 





•224MO4*0? 

•Ijlft00*01 





• -k .•on.iai 

•Ul .4«l4la1**i .i44t242*u2 

.]JII400»0> 





• .«ouiiri 

.JI 

-1 aiooooo*a2 

.u}iooe*o> 





♦ltS0IR4«Ol 

•SlfltOO*0» 




.a«S4i4r*Cl .2tf7««40*(A< «T»4A«3«*«»| «MO*AOI*at 

• lA$f0ilb*0» 




.i.Mtil 

.H1»I4>«11 .WOTH»BI 

.1JS»4I10»OI 





• '’j .IRlPaR^ 

• J* «0224SH* 

H ••)t040S4*0t 

•imioo*oi 




.M42U««*«I| .2«ft«rA4*rc •S«47«'lv 

•JI «R4SS4|4*n •••4240H«Ot 

.lS974t‘0*0r 




• *»**»|*-i| ..'S4tl»*‘ 

•I-.V 

•JI .•40«0««**»l •«IS??24t*ll2 

• lJS74tiO*OY 




•74ia«T»-j| 

• .J44?44i»C| .f2002JO***l '•JS0)2«1*0? 

•1J1I4UP*0Y 




•r*27U4J'Ol .244«14V 


HR99&! 


.Ulf4tl0*07 






PRatMC •MfCWAriOII •CS4N.IS 




rokcci 

foKC* 

ijnoo 

TWWJ 

•SOuOO 

5em DCcrv 

.10612*01 .aOQOD 

n» — 

• 11MI*01 



• Him ^lmiMmi.tml *a^ KC* iMUBftO 4l ilNf «(!•€(*• B«|im 14 ANO 40 



■■IIIH 


n^UR M ( |R NfTf R 

iQi .1 jbOQjtjn ojocaoii*oaiKi 








iui>rNSO«iic iLO» aRaivMs 

uwiic iMf t.oCR«*£rD-*fwi>wULC 

^UitlPLc 4M0CR CBRPuUR 

PiOM4« 




■■■■ 

HMIPM 













tii.L *>Q1M 01C<1R « HEblRC 

B 

1 

n 

llOlB CMtBOPV 

9CL0C1IT 

0/9 

IIO 

««lm ancir 

»b'&AubC 

RCRSrfT ILBRCBAIuMf 4BS CORSI • 

locil ctmt 



1.5 *e IrilCB - COnTlai 

l*c.«S*C2 

.«*c*l*00 

•iono^oi 

•15244*04 • 

••oor^oi , *.i9iia*or 
nt9Y*04 •24|Q2*04 

• ^949*114 
•I2999*ai 

nnro*o9 


IHMIllRIISnilliHi 

HIRBNH 

IRilH 

HilfPHi 

RIPHBIilflll 

BHWIiW 

•111Y4*09 

1 


l*iWU6t 

BiiSBI 


iiiiiiiMiiiiaiiH 

• 129«9*BI — 



t.'i «« wait. - (.(MtUR 


.7PS4fCr 

•*a9*e»tn 

•15554*04 

•521^ Ji *7fT4!l.02 

|4T49*g4 .IRIOI^OR 

• •5949«|14 
•12999*01 

— nin«*#T 
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OKiut.;AL PAGI .3 
OF POOR QUALITY 
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•0700 *os 

•tjno-oi 

• 1704*04 



.da}o«oo 

««WIO«0« 

.7005^1 

. M.rsi 

•r5)4'*d4 





,^SM*05 

.17O4--0I 

• 1140*04 




•;oii«o« 

•oodi*oi 

• 1704-01 

• 1140*04 



•IOOD«Ot 

•?540«0« 

•070t«05 

■UU&7H 

<]>»*»«£* 
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"•TTliH •> CNMftCli'tlitKS ftuViMI Tfif'b flil fl04i 


iftiM p«i irsf •• * _ 

i«fit tiii ~ '.»io«o*a* 

S>fC | IIC«<l»* ■•MO - .I10C**0I 

fiORtctfiM «r ffcur 

mi - .»yfi -oi 


_ t/»l 

1 

wocw wmot ^ 

ri«« tout 
10*41 

miooQtr 

U l••7/4CC••7• 

. JOtlOCI 

.tUAUt* 


.ooouo 


.»stoo*oo 

.•iin-oi 

^oqoD'V 

.9ttAU3 


•••i9**no 

_^|*04I*OS _ 
'.iOoU*oi 

.44100 *ro 
.44 100 *f4 


.cunao 


.l»U1*OI 

-.l«P4l*Ol 

.44fa»*no 


.e6«m 


.1474 0*01 

^.I••1I*0I 

.44i04*r0 

•7Mtl*U0 

.MOnn 

♦«iorr*ui 

•72CI4*0l 

•.I7471*«4 



.000041 



-.10407.01 

.4418* *no 

.2«iU*ttP 

.00*10*1 

•%l««l*OI 

.lu«ln*oi 

-.••«?0*O7 

.44 >04 *fO 


•oonuo 


.S4t4^*0l 

••■••70*o7 

.44101*00 

. ir$o«*QO 

.08000 


• 9914*01 

-.t74««*07 

•44107 *O0 

•«tfc4?*CII 

• 00800 

.«ioTi«ai 

.•7714*01 

-.OtOI %*07 

.44101*00 


•OOOOO 

.«i*%c#oi 




•^o^oo*B 

•eootto 

.•ft 00 *01 

.•t**4f**OI 

••40S%4*II7 

•444»4*fO 


.00800 


•wno*oi 

•.•4|I4*87 

•44400 *00 


.08000 

.•f4 00*01 

.44470*01 

•.04Sli^7 

•44401*r0 

.B7Sp9«O0 

.00000 

.•ri«o*oi .4a*%e«oi 

>.9444]*07 

•44404*00 


.QOOBO 

••020«*0I 

•47 441*01 


•44404 *rO 

.tO«ll*OC 

•euno*i 


.4447?*PI 

-•IB004*01 

•44404*|»4 

.jioOO'O* 


.>••^••01 

.40420*01 

-.l•4^4•OS 

•44401.80 

.?«l4f*00 

.POQoO 

.BOMO 

.S•••7•0I 

• T1I«4*0I 

•.11047*01 

.44407*00 


.}M«4I*D| 

.*tU4«oi 

•.I7440*0« 

•444O7*r0 

• 4?%C0*«Q 

.COOUA 



•.11741*81 

•44401*00 

:Tiijr.uS' 

•OcnoA 


•t4**V4*0| 

•.|•07I♦0I 

.44401 *C0 

•f 

.roMO 

• 19112 *01 

.f»774»f 1 

-.7tn40*oi 

.4«iBO*ro 

yjjnTnz — 

.OPOO^ 

. tr«s 1*01 


-.474«2*07 

.4144* *00 


.f U< >'T 

.122 

r%r«0i 

. r*0Tl*0l 

•*••04*00 



.Ronun 

• 7?t U*oi 

•904OI«ai 

.nS40*O4 

.04114*00 


.ronn' 

.7IS79*UI 

• •/21I1*«I 

.7001 |*n« 

.•C«47*08 


.3U0u*' 

.l*.tt1*UI 

.•)7>t*ni 

.71004 *4« 

^««*««*00 

.«l«ar-ut 

.toou'' 



.2*«40*u« 

. ia**4i*r4 


.VU'1'1*' 

.Ounrr 

.I090f*0l 

.•47ii»ni 

,74«4r«0* 

• 70071*80 

.IUU90.01 


.•4WOC*Ot 

.44U44.Q1 

_.7oi4i*ro 


IWi K»|Stib 


o> I »«_ 

.Dorii 

.r 4 »i*LM< *-. 1 * 1 * 
tTMi 


.•'Utiii' 
.M > >») 


It 1^*1 10 

.rc^ 

.'UthS 


1*CH IM lOfcf 





-7*i**ur 

.•/ir*oi 

••II-.:.' 

• 7«t«*l P 


4V*4-Q? 


^.*.*1 1*1.1 

•I17-U7 

• 29IO*tf. 



,>4ir*or 

.*« r»«ai 

|).|-Wl 

.7ou*tr 

.*2r 1 *.»i 


'I •4‘'' 

Ti i«7«oi 


|«> **»J! 
I ri; .jj 


.nnoA 

.r« 4 n. 

.nr.ip 

.'•i ■»u 

.ri ■ 


- nnj 

’ .1 «‘>'i 

.ra*»3 


. 1 )67-wI 

.7«l 1«k8 

.•lOIMI 

•*I1**UI 

•|tAO*OI -.l••^•^1 
.|•fc^*CI -.I^IM* 7_ 
..'Hl-CI -.I241*«1 

,r.-40 

-^LJU 

.ifr.j 
.« C93 
.ro09 

. t %••» • • 

.•%•*•.-• 

• 1 1?0^ 
.1011-01 

.74U*0^ 

• 70l4*w* 

.•|T« ,v| 

.21t».*CI -.»l»0*flJ 
• 24U«4I ._taU*u1 
TTPo*^ - . |L70*0t ’ 

.20«4*l 1 -.•H\»G7 
\)170*I.I -.•0!%*u7 

.sini*oi •.•«ii*«7 

.00(10 

.ruou 

.*007 

.(000 

.44*v«n* 

•4440*nt 

.2<*0-ul 

.yno*u^' 

.7OI0*4rP 

T^UT.'ffT" 

••l»7«Ul 

.**(•.-0 

.rued 

.0000 

.rc*o 

.row 
•cg^ii 

,*44U*U0 

.*4M*a« . . „ _ - . 

.^447*nt 

.►412*07 

.2*01-01 

.7S44-01 

•79>s*cr 

.70l.'*rr 

••Tl4«oi 

.*a•o•0l 

.7I39-0I 

.7«11*m0 

.•l««*OI 

• l«*l*01 -.Oils**!? 

.01.90 

.rono 

.»44l*qt 

.2«4l-;jl 

,2*13*30 

•«|}0*ul 

• H*2*0I -.»7'7*n7 

♦Ot.OD 

.coaa 

.»491*0* 


.>464*cA 

•*l 17*ut 

.I4l0*b| -.•I4l*u7 

. 00*0 

,cono 

.►440*0* 

• UiO-UI 

.7*ot*br 

•*l7o*OI 

.i«*u*oi -.oaAi^o/ 

•rofio 

.ro0o 

• 44*4*0« 


■jToin.oy 

**I7O«01 

• •1 '**01 -.02IO*a7 


•roPO 

• 4444*011 

■tmni 

BdSSO 

••llo*ul 

.•2*4t0| ..•«1o*07 

•ocoo 

■xTmVH 

.4440 *00 


■oriiiTFU 

••|P7*UI 


.0000 

.00 wo 

.4440*07 

• li«o-j| 

•2O0»*UO 

. •Id-ill 

••4*4*CI *114*07 

,0p9O 

.rooo 

.444l*0t 

•1401-0I 

• 7O'i;*u0 

•0040 *ut 

• 0 T 04 *«t - .oono«u7 

•nofto 

.no 00 

.444«**t 

• *W ff-.it 

.7O0|*UO 

.•oot*oi 

.•••7*01 -.Oj10*07 

.nmo 

.iiooa 

.A440*'lt 

.,ifo-ur 

..SU*&6 

.•oVl*UI 

.4011*81 -.*7*1*u7 

.08 90 

.0009 

.4444*0« 


.7f*o*uC 

,«u,s*ui 

.41*1*01 --OOTI.U7 

.0000 


.444**nt 

.*•41-01 

.7toi«br 

.■04t*bt 

.4120*01 -.••♦f*0? 

.0080 

• 0000 

•444U*00 



.4201 -01 

.7»*4*er 





. 1*0 no 

•4014-ai 

.7t*7«f8 

.•D.'I'UI 

.4110 *n 

-•1011^01 

•ouao 

.0000 

•4S«0-UI 

.77*4*00 

.*010*01 

•i«*4*0| 

-.t04(*Ul 

.0010 

.(*000 


..-fVur 

••01 1*01 

•44 t4*tl 

-.IO«t *4,1 

•cwoo 

•roon 

.4tJ1-0l 

•7o*:«u0 

.•Ot 1*01 

. 4441*01 

-.ll'4*0l 

.0000 

•^pno 


.74 U«( f 

.*44«*0| 

-I2*I*P1 

-•lUl*®! 

.R0H» 

.0000 

.•• 14-Ql 

.7014*08 

. *404«W| 

.14M *41 

-.1714*01 

.0001 

•rona 

•44(4-01 

• 7t1/*L0 

.1410*01 

.1t*4 *(>1 


•ouon 

.8000 

•k47o-Ul 

.7164*00 

.1417*01 

.R774 *0t 

••Il14*u1 

.0000 

•0000 

• M42-0I ,:(44*(iU .U41«Ut 

.(444*01 

-•tl44*Mf 

.0UOO 

.(*000 

.114% -Ul 

.7t44*l0 

.14|4*v*l 

,(►04*01 

-.7TTt*ci 

.0000 


• MC«-Ol 

.'•4:*00 

• 114S.01 

.7144*01 

>.•( U*.i7 

.00 *0 

.ro0O 

TFo^ ^-ul 

.70(t*br 

.I7tl*tl 

•044« *01 

.14M.U1 

.fuoo 

.0000 

• ?4 >1-01 

•7440*tr 

•7174*01 

.4072 *fil 

.M«1*U« 

.OIHI0 

•i.oro 

.U74-0I 

•7*4t*08 

.7110*01 

.47I4*0I 

• 7U04*()4 

•nnoo 

.0010 

.1112-01 

.7t44*uQ 

.1407*81 

•«17l*01 

.71*1*04 

.0000 

.rtflo _ 

.1140-01 

.7044«B8 

.I7*I«0I 

.4107*01 

. 7401 * 0 * 

.0800 

.0000 

RZEffil 

•7744*ur 

.1040*01 

.4414*01 

•7*40*0* 


.1008 

mkinant 

.7144*08 

.tQ4Q*ol 

.4400*01 

.4«10*Ul 

.0080 

.1000 


.iiti *n»' 


•ot 

.»SR> *r • 

♦ MU *0t 

. ««T| 

xmsuiu- 
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C4M ■14. 

J 




5 1 

1 

1 

1 


M//III 









l»*lt rciAl 

rM4i* 

. ••41111 

S 

■ 


IMI4 

imor? 


07* 

1*4 



•4CI» •■Uf 

rOfllMM 

MiiSllt 

tlliPf 'ItOOf 

44$ CM44I. 

iar«i 4O0ft« 

40OC4 4044C 

t 1 


• cmiiiM 

_ uP4l*0 

••ury«47 

.74 ••••PO 

•lllii*ro 

•47101*01 

.11111-04 

.00000 

•17070*04 

71141 *Bl 
.14101*09 

.41070*04 
•_l I0»4*9I 

•470 7ii«04 

.11444*11 

e 

1 f 

IHTMI 

- 

.in 74 -4. 7 

•14144 .OO 


•114l7*Ol 


.l«444*ll 





• |77ll«4t7 

.llM4*llO 

•II1I1-04 

• •7070*04 

.19|CH*b9 

• 1 90 74*01 



1 s 

. 

• S7I47HI7 

• tt7l4*n7 

• 14|4|*u«l 

• 17 i*0*ro 

• 41:T4«0I 
•11114-04 

.990 74*00 
• 19007*04 

-.4974««07 

.79101*119 

•470411*04 

•19071*01 

.11444*11 

fi 

1 « 

ImKtt 

- C44I1M 


.74j4|»r,o 

.41144 *•■ 

.&71m*M 

••44441*01 

•47040 ••% 

•1 *444*11 






. 47400*110 

•11171-04 

• I7040*o4 

•19101*09 

• ISO 71*01 



1 \ 

|4»Ul 

- CMtm 

•4*«*.4-«7 
• IS7?4*07 

•14144*Oa 

.17441*00 

•411 44*01 

•4446>*M» 

-.47144*01 

.«l4|01*O9 

.47014*09 

,10071*01 

.I1444*II 

0 

t 4 


• CMtIM 




•11111*01 

-•40174 *01 

^ ^70C0*fi4 

.11»A>*1J . 

c 


i4#jr‘ 


.»1747«tt7 

.174 to *00 

•II147-04 

•|7| 10*04 

.14101*09 

• 11071.01 


1 i 

.4 74 74-47 
.1 nS4H»2 

.14|4«*l,!7 

.11414*00 

.4io444ei 

•Itl41-M4 

.11114*01 

•17140*04 

14144*47 

.^101*09 

• tMt««OI 
_ .47741*04 _ 

•Il044*lf 

t 

1 • 

la^i 


>11411^1 

.74174*00 

■ 1 
.>470 10*0 1 

•44440*01 







• SM14*P0 

.11 !''-«• 


.14101*04 










1 « 

14^7 

- 

«|1I4 7*07 

•14»19*40 
• I7449.<,i 

.41441 *0t 
.11104-04 

.17400*01 
.17710^ 

•.20*74*01 

.74l01*O4 

.47714*04 

.■1040*01 

•im4*ii 

0 

1 10 

14PUI 

• CMkim 

.■44>fl^| 

. 74144 *ttO 

mmm 

.14414 *ol 

••11444*111 

.47404 .09 

•IS444*tt 





• |H04«07 

.1744 0*09 

•11474-04 

•17740*04 

•14101*04 

.1 1004*01 



1 il 

|4»Mf 

• CMiflll 

•.1*114-01 
• A 1411*01 

•11|44*09 

.41044*01 

•11440-04 

|»40*Q| 
•17104 *04 

-•14110*01 

.14t07«04 

•47490*09 

•110*4*01 

•1*444*11 

c 

1 w 


- lOMllM 

-1 7741-41 

.74ft&f*Ud 



.7M41.AI 







• 1 144i*01 


• 11444 -04 

.17110 *04 

'•»«1*09 

•11091*01 



1 II 

• COMfllf 

• |414».4| 

• 1 !44»*tl 

•14|4i> *r4 
.1141 7*1.1 

.4|M4«0I 
• Its 74-04 

•14440*01 

.149 10 *47 

•4mi*o9 
•1 90«7«0f 

•11444*11 

0 

1 t« 

twrui 

• CMIII4 

IC-4J 

.7*|4»*07 

• 4I*4 l*Dl 

.inii*oi 

.179 11*47 

.«7479«0« 

.1*444*11 

V 




.|1447*U7 

. mi4*ili 

•11444-04 

• I7l44*l»* 

•1«|P1*09 

,1 S040«C 



1 t) 

l4J»M* 

' C<^l|<4 

• 11444-01 
.l«4ri»|/7 

.14|*'*t * 
• 17949*r 1 

.«U7I*UI 

.Il4«l.ri4 

.17411*04 

.71444*07 
.74 |01*0« 

.IW9TI 

.1*444*11 

t 




«m WKIf'IV «H« 1« laMMlk-HOTflll'' ' 'Ulllpll 

^Mora comvffv 

O10490* 








0 




o«i.r 0 


4»«CL 4Muril4 «««/U 










HBH 

' •74141 

• 

9 

• 

tMf 91 

. {"'g; 

4I14CIM 

o/r 

1*4 




Siinrnm — 

PPf iiU^r ” 


9141 3t90»r 

004 cAosTI 

tOCOt CoOOl 



1 14 



• 74414-0I 

.14177*00 

.14104*01 

•«IS44*0I 

•II44S-04 

•11149*01 

.IT47A«a4 

.19410 • 
.74|07< • 

.47994*00 

•llO^IaOl 

•11404*77 


1 17 

144 t|f 

• C<mM4 

.14>4>-0| 

.14114*00 _ 

• 4l44l*0l 

• 11074 *01 

•900 77*07 


.M444«77 

0 




■iiiijil 


.|*Ul.04 

• |Ki1*04 

7>4|f}*09 

.11044*01 

^■.|1044*fr 


1 U 

Id^ui 

> cml|i» 

•;n«7'Ui 

.11944*01 

■ 74« j9*0(7 
.14147*00 

.414 10*01 
.11014-04 

• 14II4 *01 
.17447*04 

•41014*02 

.14101*04 

.4fl4l*04 

•13041*01 





.1449S.U1 

.7* 100*00 

.41140*01 



.4M1I«C4 





• I5444«01 

•lStt44*04 

•||4|4-04 

.17404*04 

•14101*04 

•t 1041*01 



1 74 

I44yf 

- C0i»f|W 

• miBV'oi 

.14004*01 

.74o40*D'7 
• 14 141*00 

.41114,01 
. 1 1440-04 

.94174*01 
1 9411*09 

.4 |44 1*01 
.i4im*04 

.07101*04 

^,|lfl40*OI 

•|'1444*S7 

0 





HHUmH 


mmm 

.9404* .01 

•prijlifts. 

,11044*_A1^ 

o 




.144 14*01 

.1111;*00 


.17441*04 

•79|01*04 

.13090*01 

•11444*11 


1 77 

I44«f 

- C<Nl>l« 

.lll»44'0l 
•14044 *01 

.74j44*fiO 
• Ulj44*0O 

.9114701 

•17101-04 

.41114*01 
• |77C; *0^ 

•91444*01 

.14101*09 

•09194*09 
.1 I09f*0t 

4 


!4ryt 


wmm 

.74044*00 

.41114*01 

.41041*01 

»«2iaa*iU. 



t 






.17740-04 

• 17740*1.4 

•14101*09 

.11094*01 

•11444*11 


1 74 

IW> 

- COMftH 

•I403l>t| 
• |4i.9t*Bl 

.141.4 1*00 
•14440*00 

.« 10*4*01 

•44440*01 

.17701*04 

•90411*07 

•19101*09 

.07100*09 





• 17441-UI 

• 140l4*r0 

•41004*01 

*44474*01 

•}41I4*47 

•07**44*C4 


— fi 




•t«il4 vl 

.1?140«00 

.11411-04 

• |7t7t*Q9 

•19|01*0* 

• 11091*01 

• 11444,71 


r 74 

i4f>ur 

• C04II4 

.1»43)-UI 

.|4|l4*U7 

.i*oi**oo 

.lT444*rO 

.«0tt44*BI 
•17*44 -04 

.47941*01 

•17144*04 

•17440*01 

•I9|pl*04 

.07010*04 

.13040*01 





.4dJ7l-0l 

.79i>i7*na 

.40470*01 

•4171fl*at 

14101*01 

.04911*04 

.11444*11 





• 14|l>0*01 

.19014*00 

.|«*7n«-04 

.17440*04 

•14101*04 

•13030*01 



1 74 

IIIPUI 

- CONtlll 

•4I791.JI 
. •I4|ij*£/ 

.77944*0.1 

•11404*40 

.40411*01 
^ OtPU*®? 

•40144*01 
. ... ti»4U*Ql 

.14740*07 

•24101*04 

.44414*04 

a11Q|4*p> 

• IS444*»'i 

0 




•4mi-ui 

• 1144 7*C'» 

i5CIiO*>X- 

_ •MiU*IU 

. ll9Pt*0l 



fi. 




.i4io?*ai 

• }14t7*|i(l 

.17474-04 

.17444 *04 

.14101*0% 

•13039*01 



1 fu 

lli»uT 


.••rii-ui'” 

.I41M*07 

,71414*01 

.i*jll*oo 

'~.4C4?9*0t 
• H04U-U4 

.4}7*4*0r 
•1*014 *09 

'■.11444*01 
• 14|(»1*04 

•44074*14 

.13031*01 

•13444*17 

0 
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M»W MIAAU 

•lA Wi.1^* 

S PSitA- IM lACANIIP'MpP SP’ 

If «M4 ;|0>.| SHOCA tOPPPtiA PApAAfP 





C*^l PO* 

<1 




#Atr # 



A/A«:2I 





„ . . 

. _ . 


-- 


1 »or 1 

t\r«ip - tfsim 

A 

t 

n 

tpllA 

_ JPjltfl . _ 


Of* 

19# 


pACit Apur 

PPfSSPPf 

MPSItP 

If ApfPAlpOf 

SAS coast. 

C^CAi Papua 

SMOCP ABOCt 


1 SI 

IPPPI • 

.PMlIO'Ol 

•S*?SS*P? 

.7APAr>4M 

■.SPAIO^po 

•PrA||*P| 

• l9IS^-OP 

•SPPPPAOl 

•loaop^op 

.J?I0P*P7 

.PA7ia*P% 

.19O10*OI 

.l9POS*ll 

0 

1 u 

lAPPl . CMIIP 

• AM«7*0I 

.7aPP|«C9 

IVPPM 

«SAIIP*OI 

... 

.ims*ii 





•pQ7P7«O0 

•ISTAS-OP 

• ipm*pp 

.7PI07*PP 

.1 J02P*ai 



‘ ” 

liirpv * COPilP 

.•ATTP-Ot 

•l•3AS•a2 

.7APlP«CO 

••CAOI*(iO 

.PP«9P««| 

•|SS7f-«P 

•snAi*oi 

•9A|t?»aP 

.jap 70 *07 
.2Pl07*e« 

.PA#AP*ap 

•I9#AS*II 

e 

1 >« 

lA^r • copfip 

•S«i7«-ai 

.7Av7o«ao 

•«tiPI2*Pl 

-SfPP>«Pl 

.2PiAA*«7 


......... 

a 



• SAU»*41/ 

•P||PP«UO 

.1 SPPPHIA 

••a7IA*PP 

.2PI02*0P 

.|tD7P*BI 



1 s% 

l«p«t > CMkllft 

.si«rs>oi 

,7tPp4*uO 

•«rSPO«P9 

__,l»7Sf*0P 

.2PI7l*o2 

.2P|07*0P 

.%AS«i*aP 
•1 9027*01 

.I9PAS*SI 

0 

1 )» 

lAPut • rAPIIP 

.WAII'OI 

..’OA«i*i.n 

.«>V«|*«| 

.AIA«*A*PI 


-*Pi 

^jPAS*ll 

a 



.|PSV0*«I7 

.P|«A7*tfO 

.|tV|7-0« 

•IP7Pt*0A 

.7«|02*OP 

.19071*01 


1 "*1“ 

■|pPttf“ - COPIIP 

.|A|A|*07 

~.7P»tf»0d 

*P7P||*0<I 

•Pr7i/*p| 

.11* IP ‘Op 

•P«SAP*PI 
• tASlA*OA 

.2^*91*02 

•2Pin?*OA 

•PAsrp*cp 

.iiQiP^ei 

.I9«AS*II 

0 

1 s« 

laiPMi - copiip 

.SMSA-fll 

..riAA^ ..A 

.«i:iPO*oi 

•A»aSA»Oi 

ft22lik?02 








.«7A7I*03 

.ISP7A-IIP 

.lOlTl *0A 

•2PIO7*0P 

• Il0l|«0l 


1 >« 

Ipput . COPtIP 

• SAMCtil 
.|«A7P«||7 

.«177 9*OQ 

•POI7P*Ot 
.l«0 10-0P 

•P4JA* 01 
•lAPCA'OP 

.|PA7**07 

.2PIO2*0A 

.PAP7A*OP 
• I90IP*0I 

.19#OS«ll 

0 

1 *b 

im4ii - cmtp 

.S*tA«-4tl 

•7AA|4*P0 

.«PPt|*BI 

••.PPCI«PI 

•ISAAp*07 

•PA 9S9*OP 

.IS#AS*II 

c 



.|*%4S«0? 

,PPQ0 1*00 

.•P7SS-OP 

.IPPfl *0A 

•2p102*OP 

.19019*01 



1 «l 

IpilJI ^CAPtlP 

• AlAAO-lil 

• 1«<C0«07 

»t9 IA«*OQ 
.%A?7»*0O 

•SPP1P*p| 

.IPPIA-O* 

•I7P*7*PI 
• IOSSA*DA 

.II9P|*U7 

.2PI02*0P 

.PA2AA*PP 

.19010*01 

.l9pAS*ll 

c 

1 

IP-UI - COPtIP 

■HMM 

■MilHi 

■WHIM 

.ISaS**01 

.OOOAA*aI 


.(IPAS.ll 

0 



.l*Stl«U7 

.«\«o i*rK* 

.t«S*P-9* 

.loS«S«0« 

■2P|07*0A 

•1 900# *01 



1 

IPPUl - cPP’iP 

.4«4«A>UI 

.7rfiA*u'f 

•A«ui*«ua 

• f<7« 1*01 
•lAVPA-pP 

.»A0#7«^| 

.7A«tP- 31 
.2P|"7*QP 

•PAIAP*0P 

.l5POS*ll 

0 

t «« 

IMMMiffHi 

1-1.1 

.7r4AA«r'i 


•A77PA *OI 

-.9icti*ai 

.*»l7P*C# 


0 



• i*SAt.*a? 

•pasta *00 

•>aPPP‘Op 

.|0AAS*0P 

•2%IC7*OP 

•I90CP*3I 



1 

IPPpf • «.APt|« 

.7lb7C'Ui 

.7»AS« •U'» 
• At, A7*('} 

• l«A7|*C| 
•IA07I-0A 

•ASSSP*0I 

.IA7|A*0* 

-.■A7P|*0I 

.7A|ft7»0A 

.POOiO*#P 

.19002*01 

•|S##S*II 

e 


suPi osopir 


SHOCp CpPOtiliP 

POOCAAP 






CAM PA. 

0 




OAOr ID 


vrari wiuini tfruifs »o/ni 

A/»*r7l 









osfpir • ArbiPt 


1 

m 

iNf lA 

f Piopot 

Vf iPCtir 

o#r 

. U? 



PACt> APpir 

oorssppi 

MPSffv 

trppioAio^ 

MS tint. 

T#Cn~iAPPA 

EssfiTisn" 


1 

ipppt - copfip 

.t}*Ao-OI 
. Mt* IPJ? 

• 2AA4r««>0 
.PAtAl*VO 

•IP|PO«OI 

•I'PAI-OP 

.OAO*S*ot 

• |Af7A*ftA 

.ll>nA*01 

•?*nSI»DP 

.#«#2P •<*« 
•17PPt*0l 

.|S#a9*0T 

c 

1 \ t 

lPOu« - coptiP 


.7»A'*A«(lfl 

• m7A*0l 

.At..«S*OI 

. >a»aa*oi 

.P72't*0P 

•.••S9#*0A 

0 




^•«AStl*OJ 

• ••P/PHtP 

.|PPSt*0« 

.2IPP|*0p 

.I2pi«*0l 



1 «■ 

iPPUt - COPtiP 

• rpppi‘01 

.7AAttS«0*t 
• P«fAS*u) 

•571AS«Ot 

•tSAIT-OP 

•APAAO*Ol 

.7im*AA 

.7A»77*a* 
.29# lA*OP 

.•ISPS*PP 

.I7#92*UI 

-.tAt|^*Oy 

0 

1 «« 

spout • COPtiP 


.7»SPi*LS 

./»t 10*01 

.aOaio*qi 

.«t7A0»0P .tAPlI^AP ‘.I9APP*0# 

Q 




• PAtAP*00 

• I7PM-0P 

.7ns‘ *op 

.29^ *|*0« 

.17tSA*0l 



1 »o 

Ippyi - copiip 

• M7SA>al 
•77<AS*U^ 

•7AS?S«0O 

•PAiM*oa 

.7IA«A*p| 

•||A>3'0P 

.♦TllP*OI 
• 7SMA*0A 

•*tA 13*0# 
•299«l»0« 

.A#«2A*#A 

•12AA#*0| 

-.2IPII*0# 

e 

1 u 

iPOuf • COPtlP 

.7a7S-Ul 

.7ASA)«li.1 

• lt.07«*0l 

•«S77A«0I 

•PSSS0*nA 

•PSSAt*0A 

>.2?tSP*0» 

u 



• lA4tA«u7 

*«ilA««no 

*|POA|.0- 

•^A*»A*0* 

»29MA*QA 

•I2#9S*0I 



1 4/ 

ipout ' 

.7tPtr-pl 

.Stb4P«U7 

• 7AS*>S«CjO 

•a«:ao*o<i 

•|/PtP«Ml 

IqA«S‘09 

•P9A|7*0I 

•7?S97tOA 

.|07A**0« 

.29tSS*0« 

.9SSA%*0P 
• 12SSA*fii 

••91279*0# 

0 

i «s 

IPPttf - cnpll* 



•iflsna»ni 

•PP19P •ftl 

.llSPl.uS 

_.2?IT#*J# 

.••J2rsj*iio 

J 



• ?77«r«07 

• «AJAP«,|<| 

•|OSPP‘OP 

•7?P|P*0P 

•2>t9S*OA 

.I259t*09 



1 

IPOPI - CPPtiN 

•7»;7|-ul 

• 7OS«7*fi0 
*AMA9*ui 

• |0S*'0*»l 
.l/AOf-tP 

•PbOOg*Q| 

-littsii®* 

.t||AA»PS 

liuZk'oi 

••1#J7S*0# 

o 

IMI riAV Altf IS I 

TniuAO'Oi 










PP^PfUP rPMPPAMOP 
fporif tppciv 

PC suit 

,S5JIS« 

fit , 







•.7IA7?«07 

.^000 

.90t0|*0^ 





8-29 


LOCKHEED-HUNTSVILLE RESEARCH & ENGINEERING CENTER 



OF FOOK 


LMSC-HRHC TR D867400-III 

SAMPLE PROBLEM 1 OUTPUT (Cont'd) 

mwesomc ripi, wmu uum %yt lO UJaio-imnwtU witt|»i£ tmmnttm 

(t\t >0. 0 

_ ^tiu nrhmu9 



[mn 

mnn 







OflMllf 

0/f 1 

ilB 





MCb i«n 

Mt tsuor 

Wkilff 

•IIVIBAIUBt 

ul IWil. 

ibril KAI^A 

TTidi teir 


7 

• « 

IkItB 

- COHIIII 

• I7Q f«.0| 

•V«Vt7«00 

«ms2«ot 

•BSB2S*0I 

«ai20A*ft« 


»|SBA)*0t 

2 






•«I002«00 


•aoB0$*o« 

.2A0SI*0« 




m 

■91 


Hiffli 

IIHHPH 

■PPHPIfl 




»02?A0*0« 



Bm 


bh 

■■■■ 





|||Bjyiygj|| 




i 

«• 


• commi 


• 2abM«M 

•I2m*ai 


.20»22*tB 



2 





«|t«0t«07 




•2I0IA*0A 

.i20ii*oi 



t 

•• 


- COktlll 


»2BB4a*iia 





-.aiA«0*n0 

1 





•7IoA*«o5 


«»2SH^ 

nmm 

KBiBI 

• i2r^*oI 



i 

M 

UflO 

- cwii« 


.2«6«S»M 

•2I7S0«9| 




-•2l«l|*0* 

S 





•7isr?*o? 

.«7«l0«O0 

•IIIOB-OA 

•2SS29«0» 


,|2A«0*0| 



2 

M 

iMii* 

' CMTIN 

■miPH 

■ppm 

■HM9I 

.*1220 •#! 

BHiiiiii 

■PPIPfl 

■PHiiiV 

1 





•Si»l«*o7 

.B0iA««UQ 




•l2A»i*0| 



2 

\2 

ifttt® 

. C0«ff|« 

• rrs«2-oi 

«2B%2S*M 



• 10?B* *os 


•»)|??1«00 

1 





•> MM«a7 

-«■ l»«*00 

••OA«»>OA 

*2?»i2*0« 


• I7SSAOI 




Si 

muB 

' CMflN 

.7TBIO-OI 




.111AI*0S 



, 







.ies*9«o« 

.2rot®*e* 

•2lyiS*0* 

.|?S0»*0| 



2 

S* 

MAii 

- COMIB 

• rt7Vi-«ji 

•2PS«2*»0 

• irsno*oi 


,lli»A*0« 



1 




_4**>***iSL 


.i7<or’0» 


ri4icci 


wiSMKt tnttmtfm ^smfs 


_ tZ-lLIS^o? 




♦OOQIWI 


|S» 

.SOVOI«0S 


fw»<»4i III wass* womwlim aao iwt»fcT wo^pici liirtC»*llo»» ro»» tint ? »ct>T lyt lo t m siff tit 

1m rcaci«t t*tMr ~tn ttM rtim is r 

Pt0CI»t in NWHIittfH 14 - -.S?aft0»00 tV - >,<lill*00 


HIctuTiiMtott I* ^wnnr\i 

I tit naitl awt sf f ll«t 


.DOuocro 


>OOOOOUO 


02?UU*I1 . - 

• Ifr5?4«?-a7 

•2«I««C2«P0 

.«7I*A*S*UI 

.?297tkA«»0 

•.405 70 14 *02 

.1)045 S5*ZI 

.J2?*21*“0? 

»2BI9iuS»f?g ,»2|Mri»ui 

«9<9f9?|«*»0 

-.49?«9I2»02 

.1)04$ lS*H 

. 


■»%7ISS»S »ul 



.l)«95)i*IL . .. . 


.?9|f9;7*OL 


.a««tt«Ar**ia 

•,S7|9S2»*02 

.11945 S5*ll 

.•ITivrP'Q* 
.9 -n7 

_.^UPlT*f c 

J.l-I 

.•7C^Sn**QI 

.111)77 7»cl 
,1 J)iS9r.»»i 

•.)91AS4t*02 

.|)«0S15«)I. 

.il94SSS«ll 

•1 l«ll*«-OI 

.29i?r«s*nu 

.«?OIOIS*ul 


•.l0O4971«O2 

•l)94< )5*ti 

• ITb2SBB>0l 



• l7VA07l*<*a 

-.2097a%7«fi7 

.l)945iS«ll 


.29tA«i;l*l>0 


. |96S ■•••n* 

•.I149«0)«02 

.12045 )5.|) 

.ifrri« i«-ot 

• 79U3?S«ri 

.9iassii««fii 

.214901 l>Ol 

-.29S)I92*0I_ 

^11945 J5*tl . 


.791STUU*nO 

.«l79tS9«f>l 

.2 l69Stn*0l 

.l«M>9222*oa 

.))94515.l| 


.?9IM 2l*Pf. 


.2S64007*0» 

.1492020*02 

.1)945 )S«1) 

■ 70SHPB-0I 

.29t«79S*C0 

.•u*o ii»oi 

.275 7719»m ,229l4*|9Q2 


^ 

.29inif<k. 

•29l27Qi«00 

.«lfr7|79«0l 

•2«9S029«01 



»91SSA0S*Q1 

.)l2a9ll«fll 


-iJOASJS*)! 

•7SSMt«*0t 

•291|tST*00 


.<001172*02 _ 

.tl94« )5»U 


.?0i o ^n* oo «oi 

>?t^QSH-JU .^fow0«oo .u&^cas*»»» .>LiyfcSi%*ii 


01 ■ jtofyo^oo iT 

Mc<i»n-oi ♦^»ot<i4*oo 


.ipiatM 

.JUOlOt 


.?mMi*oo «»in»ii» oi tiy J •£.! ^ •2?o?2>! •&/-. ♦>! 


.STO^tt-OI .M0»fc®*TO .<IC»!VI**0l 


,lTfr®fM?*0 y •UXtllMLl— 

.%jiTiti>oi W?»)I110*0I. ,»Qa7o<0*oi U2i5 Jl*U 


_*s§^n^* an .>Q012M*P1 


. ttfiiii>ai .?t®o»y?T t ■^cftfcoo^oi «ingij> * o7 -u^.is>ii _ 

,Mnici*ot >7o*»yj90*n^ _ 

>?a^>c»»»00 .»0»IUSe*Qi .|I»» S| S*|| 


.<riot»<»ot ,/M#y/o*pc 

«?o*i>si»no ,<o»TT_« -l> uj .STs»tfcj»**i . in*ji, ^i*oy .. 

.?>‘»l<t<*0C »tO<li^L«ili 


.2t«Ctfcl*PQ .»0ISUiU«Ul . 


8-30 


LOCKHEED-HUNTSVILLE RESEARCH i ENGINEERING CENTER 














ORIGhNAL PAC;: . > 
OF POOR QUALITY 


LMSC-HREC TR D867400-III 


SAMPLE PROBLEM 1 OUTPUT (Cont’d) 


.tr* iuf«*oi 

.7«09i>9«ri: 



• 7»*7«79*'^7 •ll94Slt.|| 



.«C/S7t|«01 


./49 111 1*07 .llVbt Jt»|| 


.7»«4i*9«ri 

•«0190l0«0l 

•499449 r»«ri 

•7791S7I»0? .tl94t«^»ll 







mm 




•*UM«C*Of 

• 79T|l«S<‘«PU 

•190 90^U«01 

•77«fl70«p| 

• 1110799*07 •||99tlt*M 


•7irti9'*«,.. 

•19tt097«Ul 

• 7^6I990*ftl 

• ••0MIM*0l .imsifii 

■■■IIIIIIMBM 


HS^RSII 

BHHHB 

• 7099771*01 •IS909}S*n 


.7t4Mc««0€ 

.I97jif9*0l 

_*A229tIi9»»l 

*.mrD0J«0l .Il90tis*ii 


■nm 

HBSBBBI 

BRBHH 

..097bI 71*01 .llObSJS*!! 


»?aM»99«no 

.1919(1 U«Ot 

.•b09969«q| 


-M0« .*91,-01 

- e?l>2iRTrV- t*uf 

_.Q749t99»n| 

• 7»9f 7|*f 1 .f **i’*±^**!> 

• ?94«rC7'01 


14*01 


. 7977794*119 — . 74 7VlS7*f>t 

,7S37Gtl, -01 


.7I9|777«01__ ,9fl9li01*Oi ^9T7bDlT*Q9 -.llfc910^»PO . . 

• reitb^r-oi 




*ll9joi»*fl9 -.7i9in?r«oo 



•140717S«UI 

»9J7i79t*fi| 


.77«Tb*«-OI 

«^Ott99fOO 


- «9lai;2t*oi 

• inf0.10t»Q> -.1172119*00 . ... 

iL'iaHirJLl. 

-litiiUI'iaL 

. 10999 ■»t»Ul 

_.99A9jfc9yni 

_,»x4isri»*fu_'9i2JVui:ao. . .. . 

.TN^rDM-OI 

.70t«l67«m) 

• IOSnfinn*oi 

.9snorof»»oi 

• lll9ttO*09 -.»IM01*DO 

.«ittv0T inUr.MiiOii 


rotcii 


.naaun 


io»«/ 

•O0O09 


Diirt nrirr 

i0oqo9 _. _ _ »OOCqd 


It*- 
• toTOI»0) 


8-31 


LOCKHEED-HUNTSVILLE RESEARCH & ENGINEERING CENTER 






1.MSC-HREC TR D867400-III 


SAMPLE PROBLEM 1 OUTPUT (Cont’d) 




_mH»soiUC fiflii 9jiaA_fM\ imtifc ini lOcamia.jnwMttiuj nvkUfLL 

SNOCM conMia* 

PMOoaai! _ 





casi MO. 

a 



VliOCIIt 

TofarXikoi 

• 71009*0* 

• 1 9474*ul_ 

•114*4*0* 

pact 74 

07* no 

iMOca oliftir 

••90171*04 • 

•.l»171*0t * 

%P«CI SitUlIM VI4IIIIM yu7/&l «/«• .'1 

1 IMl PtfIMl MMHll aiMlitl c 

t 


IM •• 

1 kiMort 



IiKm kmr" 

PMiSiuOl 

“TTnII* 

tCMprhaiom 

kas ioiitn 

-■ . ~n~ 

IMHO 

- cMiiN •raiu-ui 

«4«a )y«ui 

• •'^s70«00 
•7S097>U0 

«09%k0«0l 

.f*70S>Oi 

• |70«O*0l 
•|««9*»0) 

•11144*0* 

•79?9**0* 

2 74 

llill* 

• C00»1»I .MSSf-Al 

•2PS?S«WO 

«icm*o7 


.IJ9***0* 




.Mm-os 

• IkOOf^ 


•mi* *04 

.iiio**oi 


3 ^ f 

iMtCM 

- COMfIN «»a\H-01 

•2aS77*00 

«|2U4*0? 

•19047*01 

•ll)*4*0S 

•77140*0* 

••10I79*0* * 




.2)409.nS 

• IfkTO-Oo 

•IOSS7*09 

.?9M**0* 

.1 »*r7*oi 


i 14 

U«l* 

• CAktiy .MVI9UI 

• Z4S?U*I}Q . 


. 19^41*0% 


. 1741ft* tl* 

^lM»*Pft 



.j7S]««yi 

•«aMSM.06 

*k7k|S-Ok 

.0*970*07 

.79I9«*0* 

• 1 14^*0 1 


/ ' “Tm“ 

'Ufli"* 

1 CMiiN r7aaM«"-<ii 

'wpsi i*5o 

r?cirrs*o7' 

'•1*097 *0F 

^11 144*04 

•77*49*0* 

..9i979*0* • 



•7M40M*OI 

a*19fc0-W . 

•kSf07-afi 

•404***07 

•79114*0* 

.19407*01 


2 *U 

itriob 

- COMIIN •r9««2>OI 

.2«SI0*«9 - 

.199Sl*k? 

.1*0 97*01 

_ ^lll*k*OS 


-.mu.M i_ 



•r*tio«oi 

•OPSOI-07 

.I0I7I-0* 

•*I*SI*07 

•79t S**0* 

•1 9407.01 



Piacfki nuNM IM rass. NaMioiiM aiio forPcr 

iHkioim ikit6iioiio« POO 

Lint 7 ouaiifc to tut siaof iioi 

tfC ffaciMl CNMpf 111 Mass fm n : 

.SIM777-OI 






HWttrnmSiXr 

III POKTIIIUN l« : *«S«20 m*oo l^r r 

-•6^««7*00 





PtOtf»7 

CMaMCf 

Ik rMOOT IS = .nnoao 







i 1 

M9U 

- COMIIM .00600 

.24iyo»oo 

»022Sr«0l 

.1.0060 

'•17147*07 


- l 



.1 94«9«U7 

.|7010«0O 

•11790-0* 

• •?094*04 

.7*107*0* 

.19074*01 


1 90 

rariMD 

‘ cokiik .rai7;>i.i 





•r7*t2tD> 




a 20 17 7 *0 1 

.4«««S.(;7 

•IflOf'OM 

.41**7*07 

.7111* *04 

.1 94P7*Ol 




POlki 

ko. «*. Ok aIMt 1 NOS 

Off* Ottl II 0 





• M W Has >tr«» i*«5f»tUn •* romts so 


• Mm w is iM&refco on» iinr ? f^jurs ««ip s% 

« I «*u • ceMViM .ciuioo •«72«s*oi »oCPoo 'ri?sw«u2 « 

“ .|H?%«'i7 .1IM»M*P0 .IIIVM-OM .llQIMtQ* .2«t02«0* 

» >1 tOrifO - CPMUM «y » »7l-Ul .»W»74*J0 . - .>MS yJ«0< I 

.6«««^-q 7 .|eiMr*0« .«|MM7*07 •2S71«*U« •l?MR2*OI 

• ^ IMlVltf* OM ilM IMf tMTlVroiWfi MO “^2 

« Mt~M 'siBi'«<>rrM **«s PiiM 'iMsrBTrf oil TiMr 'r>i tMuTpoTiirs ' - - - - 


S I y«li * COMIIM .UOPOO •OIHMW ••?75S7«07 .MT«^7tO«' 3 

.lU7b*U7 •l|f%M«C^ «t »OQ7»OM .7«IP7*Q« _ •MOlftOf 

SMPfBNyMif UPfc i|Wat7M% UVtMc t>tf inCMMf I WpIftPir <WOC« COHPU»fM PMQMIJIIt 


» IO, U 


Mor 21 


>p* ct wfi mii a 


iiM pqiM nScftiP • Bfe^wf 


iSUMt 


>1 *»S1If 


tM fPQP t «(L<‘Ctt7 0/f U9 

ITnmTmm? 6S» consI, "TMJil mappS ~iN6c« «aici?' 


S MS VSriRO - COMIN .7«U7S‘0I .2«««P«no ,aMMSi*07 ' ~,72**2»09 ••ieSVS*ON~ t 

.7»l7f0 1 >MiMM7»Q7 »71?lM*pM .| |4P2«^ 


> mM SIWtMWMIil ws MfM l«t\IBHO 0% 1.1HI M ftlTMCttl »OHH\ SO MMD Si 


4 

1 

nati 


CCkflM 

•UfKOO 

.7«St7*60 

.*79*1*01 P 

.00000 

-•77147 *07 

.•7*76*0* 

.1 144»*ll 

7 






.iTaaivfa? 

TlfSl**00 

.lll>7'0« 


•7¥TW*oV 

•l)ofa*of 



4 

a* 

rorcoo 

■ 

COkllN 

.f«7««'01 

.7*777*01 

•7P*77*U0 

•4444S-07 

.14*41*07 

.lOlOP'QP 

•l*IS4*0J 

•*l**7*07 

.ll9*4*oS 
• 11114*04 

•77*a7*0* 
.1 4401*01 

-*10S79,Oft 

' 

a kiM 

sitiakilki kal 

PI'M IkSiOttl) Ok LlNP 

S 01 7 yO M 

POiMfS 4ft a«ft 4ft 





9 

1 

Mali 


COkllM 

.00604 

.7«4a0«00 

.4794ft*4»t 


-.77147*07 

.*T*a**n* 

.11*44*11 







.IS4S7*u7 

• SU*l*0(l 

•Il0*4-0« 

.1444* *04 

•74107*04 

• 1 107**0I 


7 

as 

poripo 


cOktik 

.7**41-01 

.7*777*01 

.7ai**«oo 

.4*4*4-07 

.tftftM*07 

ao|*7-Oft 

• t*l 14*09 
•*|4*7 *07 

•111*4*04 

• 1 1401*01 

-•iai?i*oa 

1 

a MM 

SlOf 

. tkc Has per* iksrouo om LiHf 







* 

, 

«au 


COkttk 

•oocoo 

•2* 444*00 

.*71*7*01 

•00000 

-.77947*07 

.*4007*0* 

.19*44*11 







• II4*)*U7 

• 911***00 

•IIO*ft-0« 

•94ftS|*04 

•74107*04 

.110^*01 



4 

14 

rofcou 


COktfO 

• 7*4*4-01 
.2*777*01 

• 7*144*0(1 
•4*4»S-n7 

• Iftft49«07 
•10147-Oft 

•l•|ft7»69 

••1*41,07 

•11144*04 
•7979* *U4 

•7i*ai«o* 

.11407*31 

••9ai79*oa 

1 






Oftikl 

as OM Likf a uas oum ouxito . 




9 

1 

Mali 


COMIIM 

.00400 

.7*M4*iin 

i*7l?S*W 

•00000 

1 . 77747*07 

.7«|0?*0«' 

.••fl7S*04 

;i90ao*bl 








.iJiiS’iJ 

• 9 l 70 a «00 

.11011-0* 

• 1**94 *04 


4 

as 

rariBO 

. 

crkiik 

• 1*«)0'0I 

.7MIS*6tf 

Sl*f»7 



.77*a^*C* 
.1 140?*0i 








.2*777*01 

•4***s-or 

• 101*7-0* 

•414*7*07 

”.7979**04 


10 

1 

van 

“ 

COMtI* 

• 0IM.00 

• IU7**07 

.»*aos*i»n 

•iiur?«oo 

•*7**l*|p| 
• Ifift 74-V* 

Tooooo 

.I44|7*|]« _ 

-•77947*07 
_ .74107*04 

*04 

.79M**0* 

.1 iu*i*6i 
•l?pp7?Pa 

.1 9401*01 

“•19*44*11 

7 

10 


for 1*0 


COfft! . 

•ani4f'0i 

.7"IR**0'1 


-.9|llM»L* _ 






•7*77|*OI 

.4***S-07 

.10147-11* 

.49447«07 







POIkt 

MO. S4 OH 

t tkt lU H4\ ftffM 

miiifn 










' ■ poikf 

MO. "S4 OM 

1 lin 10 K*i orck 

Pill un 





II 

1 

oai i 


COMfIN 

•untou 

• l%|S*07 

•7«a7i*n> 
• I0914*il*l 

• 47»4|,ril 
•ICftll-O* 

•t‘l»oro 

•l44rO*U* 

7? 147*0 7 ^ 

.7*IO?«0* 

•*aOf 1*0* 
.11001*01 

“.19*44*11 

7 


8-32 


OF POOR QuMwi. i 


LOCKHEED-HUNTSVILLE RESEMCH & ENGINEERING CENTER 



LMSC-HREC TR D8b7400-II I 


OF POG.i 




SAMPLE PROBLEM 1 OUTPUT (Cont'd) 
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ORIGINAL F/.-. ^ 

OF POOR QUALFiV 


SAMPLE PROBLEM 1 OUTPUT (Concluded) 
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8.2 SAMPLE PROBLEM 2 - SPACE SHUTTLE REACTION CONTROL SYSTEM (RCS) MOTOR 


The Space Shuttle Reaction Control System (RCS) engine Is a 920 lb 
thrust motor used for attitude control and minor orbit changes. It may be 
used during retrieval and deployment of payl^nrts and satellites so that a 
detailed characterization of the plume is necessary to determine RCS plume 
induced environments. The RCS motor is a bipropellant motor and has the 
following characteristics: 


Throat Radius 
Area Ratio (Unscarfed) 
Chamber Pressure 
Propellants 
Fuel 

Oxidizer 
0/F Ratio 


0.08508333 ft 
22.1 
153.0 

Monomethylhydrazine (MMH) 

N2O4 

1.63 


The method used to determine the RCS geometric input data is essen- 
tially the same as was used to set up the vernier engine. A layout of the 
RCS geometry is shown in Fig. 8-4. A tabulation of the nozzle contour 
points from the throat to the exit plane is given in Table 8-2. The origin 
of the geometry for the RCS motor was taken to be the throat so that the 
tabulated values in Table 8-2 were shifted so the x = 0 at the throat. The 
data given in Fig. 8-4 and Table 8-2 were subsequently converted from Inches 
to feet for input to the program. The chamber/transonic (to throat) 
geometry is made up of two circular arcs (as seen from Fig. 8-4). Unlike 
the vernier engine, enough Information is given in Fig. 8-4 so that the 
locat* 'd angle at which the two circles intersect can be solved as in 
the ver.. _r engine without any scalng. The geometry of the RCS motor from 
the throat to the exit plane is calculated in the same manner as the vernier 
engine. The radius of curvature downstream of the throat and the contour 
points are given and used to construct a cur*'e of flow angle versus aXial 
location (assuming straight line sections between contour points). A 
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Table 8-2 SPACE SHUTTLE REACTION CONTROL NOZZLE CONTOUR 


Axial Distance 1 

from Throat, (in 

X 

Radius 
(in. ) 

y 

3.585 

1.021 

3.720 

1.059 

3.826 

1.126 

3.955 

1.210 

4.091 

1.294 

4.200 

1.365 

4.340 

1.455 

4.459 

1.530 

4.585 

1.609 

4.720 

1.693 

4.828 

1.760 

4.944 

1.830 

5.085 

1.913 

5.585 

2.201 

6.585 

2.720 

7.585 

3.166 

^.585 

3.560 

9.585 

3.909 

10.585 

4.211 

11.585 

4.489 

12.585 

4.729 

12.885 

4.799 
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Fig. 8-4 Shuttle Reaction Control System Rocket Motor 
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listing of the resultant point-by-point representation of the RCS geoaetry 
is given in the listing of the data for the RCS motor (Case 8-2). The 
development of these data are left to the user as an exercise in setting up 
geometric data as was done in the Vernier motor (Case 8-1). 

Some rocket engine combustion chamber g ocetries have a conical sec ion 
between the two circular arcs upstream of the nozzle throat. The solution 
procedure for the boundary points must be modified to include the conical 
portion. The slope of the linear section is determined by the motor contour 
but as an example of the procedure an inclination C^i^^Qg) of -30 deg is 
used (Fig. 8-5). 

From the geometry it can be shown that * ®2 ” ®llne* 

Region 


* 1.022 sinOj = 1.022 sin 30 
X^ = 0.510 

Rj = 1.865 - 1.022 (1 - cose^) 

Rj^ » 1.865 - 1.022 (1 - cos 30) 

R^ = 1.728078 

From the equation of a line through and R^, the value of b 
Rj^ = tan6^ Xj + b 

1.728078 = Itan(-30)J 0.51 + b 
b = 2.0225266 

In Region for ©2 * 30 deg, 

R 2 “ 1.021 + 1.018 (1 - cos92) 

R 2 « 1.021 + 1.018 (1 - cos 30) 

R 2 » 1.1.57386 
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Fig. 8-5 Mot T Geomei-y with Linear Section 
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Reapplying the equation of a line, deternine X 2 * 

R 2 “ tan02X2 + 2.0225266 

1.157386 = ltan(-30)l X 2 + 2.0'»25266 

X 2 = 1.498466. 

The R and X values in Regions and for 0 < 30 deg are calculated 
by incr^enting frov 0 to 30 deg. 

For the RCS exaaple shown here there was no linear section in the con- 
tour. The linear section addition was shown as an ezanple for setting up 
cases where there is a conical section upstream of the throat. 

The thermodynamic properties of the combusted propellants were deter- 
mined using the TRAN72 program. These data are prepared using sample case 2 
of Section 4. A variable 0/F calculation was made with 0/F ratios ranging 
from 0.8 on the wall to 2.2 on the nozzle axis. The 0/F distribution used 
at the entrance to the contraction upstream of the throat is shown in Fig. 
8-6. The results of Ref. 19 were used to infer this 0/F distribution for 
the RCS motor. The RCS motor is film-cooled so that the 0/F ratio near the 
wall at the injector is on the order of 0.1 to 0.2. The O/F ratio on tne 
centerline is approximately 2.2. Reference 19 shows that the wall film does 
not hold the same 0/F ratio through the transonic region. An estimate of 
0.8 was selected. Using 0.8 at the wall and 2.2 on the axis a parabolic 
distribution of 0/F was assumed and then slightly modified so that the 
integrated (over the inlet area) O/F ratio matched the overall 0/F ratio 
(1.63) for the motor. This 0/F distribution was then imposed on the 
transonic solution. 

A freeze pressure ratio of 3.35 was estimated based on an overall 0/F 
ratio of 1.63 and pressure freeze results of Ref. 19. A pressure ratio of 
3.38 was included in the TRAN72 calculation to give a sharp break from equi- 
librium to frozen thermochemistry. 
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RaclK')! Distance from Combustion Chamber Centerline (ft) 
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Fig. 8-6 Space Shuttle RCS Motor 0/F Ratio Distribution 
at End of Combustion Chamber 
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The nozzle wall temperature distribution used as a boundary conditions 
for the boundary layer calculation is shown in Pig. S'*?. TWo measured data 
points (from the engine manufacturers) are shown on the figure. A linear 
variation through these two points was assumed. 

The output for the RCS motor consists of the results of the nozzle and 
boundary layer solution and the beginning of the plume restart which in- 
cludes the boundary layer. The program will continue with an equiliorium 
plume calculation but tiie results will not be correct because the program 
cannot presently treat both total enthalpy and 0/F variations for equi- 
librium ch^istry. To calculate a plume, the ideal gas startline which is 
generated by the restart can be used initiate another plume calculation. 
This start line has the correct temperature, Mach number and pressure 
distributions but utilizes constant gamma, molecular weight, and total 
conditions. 


Q Veasured Data 

.-vpproximaLe Wail lemperature 



Fig. 8-7 Space Shuttle RCS Motor Nozzle Wall Temperature 
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SAMPLE PROBLEM 2 INPUT DATA (Concluded) 
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SAMPLE PROBLEM 2 OUTPUT 
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SAMPLE PROBLEM 2 OUTPUT (Cont'd) 
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•*$39-01 -•0121-Ul .**09«U0 -•39o;*U7 


.199**0* .|9$$*0$ 


•1990-02 .IO$l*0* -.11*2*0* 

•l$*|-02. •17*9*0* -•U9U*0* 
•l«9$-U2 .|99**0« ••1131*0* 


•09*2-01 -^OUt-Ul •*$1$«I10 -.3032*02. .»l*t$*01 - •llOitO* •I9$S*0S. •S2SUV* «l*00-o2 .•1702*0* .-.IDOO^O* 

•99*9-01 -.OIFI-Ul •«$«0*nO -.1302. or .10*6*01 .1999*0* .l9«S*U* .$«20*U* .1*02-02 .IITO^O* -.90*3*03 

-•Olll-UL •*$Ol*im_-.299l*U2 ^1I0**UI •II92.Q*_.19S$«0$_^$$33*II« ,1*92-02 .1192*0* —0901*01 
•03$0-01 -.0121-01 .*$99*00 -.FO*!**.? .1001*01 .190**0* .I9$$*0* •$$*S«0* .l$0$-02 .|9*«*0* -•9o«9*03 

_«$&43-UL A»4l20:rul— ^«$00.*00^2iU*ll2— •I9*$*0L. .IfSOlO* _.*in$*0$ .•503Q*ll9 a$l0.*02.^1 r$0*0$ -.OOOl^OI 

•*900-01 ••Ol2l*UI ••$«3*nO -.IV9|*cr . 2020*01 .I9*0«0* .I93$*0$ .$*$0*U* .l$3l-02 .19*0*0* -•S92$*03 

• 399*-lii_-.0l21-Ul -..OSflfUO.-^AOSl m2— .2001*01. .->|9>^*09 . •l9S$«0$_«$*Of *li* ^lS*2-02. •19*2*0* -•*9*9*03 

• 1199-01 -.0121-01 ••$90*I>P -.li2l*l*2 .2151*01 .I93**0* .I9$$*u$ .$09$*0« .l$$2-U2 .l9lo«0« -.3900*03 

..7A66.pl -^^I9i_-Ul .*$99* 00 -•9*0$«ut _.2 ifcfc*Ql 4llJ2*J)* ~*$0Hti01_*l$$9-4l2 .1119*0* -.2* 00*0 1 



01 iNieoloO' 


IttC-AliH CQH$Iflll£liOli.iiJl.L_AO iOorHOiCU R7 Jt*( V*9H01f3 

•120-ul Di *11$: .120-01 01 IIO: .IU0*0S Ul OtlCtti .SOO-OF 01$ 9.*.: 


•$oo*6i r* '.o$o*oo 
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LMSC-HREC TR D867400-III 


SAMPI.E PROBLEM 1 OUTPUT 


(Coni 


d) 




Ptkl II 


■cs Ru. lUitiLt 0/1 iotiisiiiiic~iia//ic. soi.uiiaii. 






iHf lA 

« MtB 43 »* 

BtLOCm 

0 /f 

||H 





MCH AUBiC 

pprvsoPi 

Oiuvitv 

trurciiAtiiBr 

BAS C 0 A 9 I. 

iOCAi CAWBA 

SnPCA AWBIC 



iMPUf 

.•.contja 


-•UiaO'UJ 
. >SA 0 t*U 2 



>« 239 f 9 jU 2 

« 91 ? 9 U*U 9 

• 22 tOO*UI 

0 



•Anitv »02 

. 91110 ‘ttt 

•>soss«o* 

• 21992*09 

. 11292*01 


A 

2 

IMPUf 

- COMIIN ... 

• Mri 9 >il 2 . _ 
.A.'l«u *02 
. . .vr«Ai*a« 

..OOVJSriil. 

•tAA 9 V«u 2 

•iS 2 si*ia 

»il 29 Q*OI 

• 9 «SlS* 0 t 

..,«A 6 l 91 *Ut 

_ •A 9 U 29 -<U. -. 

•V 19 I 0 «U« 

_«J 5661 *A 1 _ 

• 2 IBAt *09 

. 91010*09 

•Il 291 *ul 

• 2 I 99 >*UI 

0 




.r.con?in 






# 90 W?*fc 9 . 

• 21 t 92*01 

u 




•A% 02 U«U 2 

•btJ 9 l* 0 « 

•rA«oo«ot 
. • 19 « 2 «*ul 

• 9 ]SAA* 0 t 
•VIA ro *02 

•V« 02 l* 0 « 

• 2 IT 91*09 

•| 129 U«ai 



1 

« 

inpuf 

* confiN 

• 209 « 2 *UI 
•A 5 U 96 *U 2 
• 91122 * 0.9 

• 262 SO*Ul 
. r%« 0 T*u 2 
-_»i*OSi* 0 >. 

•I 102 S *01 
• t 290 A*Ot 
.« 992 t>« 07 . 

•AA$ 1 A *00 

. 99002*09 

• 9 Uir«U 2 - 

. 210 tB *09 

• 9029* *09 

•Illn 2 *bl 

• .*| 999 * 0 I 

0 

t 


input 

- conttn . 

• 2 fSSi*ul . 

•ASSI 2*02 

• 2 « 191 *U 1 
. r 9 &*j*ii 2 

•l 098 t*Bl 

• 9 ISIt* 0 l 

•«A 931*00 - 
.:/| 9 | 0 * 0 « 

•I 0 « 14*01 . 

• 22099 *fl 9 

• 90299*09 

• 11120*01 

• 20992*01 

u 


.st2«s«u« ..i*s«T*ai_ 


.^7169*0«^ . 


•7SS00*U7 

..U* 62 b«u 3 - 


MlUkJk* 

•v 0 « 00 * 0 ] 

-^ 9 U 9 &•U^ 


i I. Ilipjl . r_a»ftUJl • 


«»Mf7*QQ- 


. •«M99*£a. 


>«J2bSl*Ml >20J«9«0I 

• 2?2«>U»0« 


•I 9 >IC* 02 _ 

o 2 ?S 7 S*o« 


•ttS9V*UI 


,4 |HP<»f ...COMflU 


•.•Aifl-QL .JUS^'Ul 

.ftUtw*U2 OM295-U) 

«19i97«oJ .»0fc«6*a2 

oifc%TB-ni ,iiSPi*< 

.992Q*IU 


o*2fi**00_ 

o«i76«S*0* 



<&«72»«P2- - o«2l«0«w« _ .iM2**OI 0 


.4)7ffe*U« ollB6S«01 


^i6Ziie*u2 


•% 9 J» 9 * 0 « 


. . •9«922*¥9 


tUPfa&ftMlC tLUM IlMiif. Toof .Qt.oUgP-MUMKHlLLt HUo-lIPLL SHOCft CBHPUllJl 

gj^r MO- n fcBill li 


■ atl.QC» tABIAftti. a/f..tftAPlAMll^l*0Ui^-&04.UtIiUl~ 


Liltt PQtHI OLUtmt 


iHCti 


kai^iet,. 


«LOcltf 


R«CH MCkf 




PBCSSUPt 

PP> 


OtO&IlT 




LOCAi GANM iNPCR AN6LC 


.12. input ._*.C0iitili 


• B 29 r)*U 2 




.B*2I9«02 


• r«2n'us 

UAILUtlO. 


• 2 Sl?f« 0 * «l 2 u»J«Ut 


.(ONtUl >tJ9UrOl lUraiiPt 

»B20«t*02 •?9 u9i* 0S •121ll«Ul 

... «.9979u»u« . . •••i9Sirui ..... 


|.129>2«0I 


19 mr^f ' CAH11N .....«929*B4 .Jti9l-Q2 ■i9%l9*£l 

o«3SSI»U2 .«9ft41*U2 om^B-Ul •m9S«0« ol2»)«*Pt 

... _j9SJU*U9_ _ 


I IV inPu! > con I id »j&9i«ri)i. iiU9i_*al. i»b772*q 2 uJkUittJli . ,*omoo*uo o 

olSS 2 *U 2 o 4 S 091 *u 2 •T*B 9 J‘ 0 } o 2 &ulO*a« •S 211 u* 0 « •|lll««ai 

pJ 9 ?H »U -9 _ . 160 A 9 »UJ ■.iSB 4 & « 0 y _ 

iHi navs fiov »«ic 1 $ i otaivsitoi 


NoiiCNlpN iNfCGOAIfON OCSullS 

. -.J08CU fJPtLI *P*QI UP 

• •9ii:s«oi .00900 o^.jao .riMatos 
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LMSC-HREC TR D867400-III 


SAMPLE PROBLEM 2 OUTPUT (Cont'd) 


ummi; iMf LnCaMCtfl-HllfclSlLlLU. WUltlftt jHQCa. 

, U&L JIM^ U - , - 


Hi act fUittU 0/f UmOliK NOZILC SOLiillON. 


LifttmiDi .jscuf..£jttfijiic , 

NltM anfiie 

. . Jot 


aarvtM»C 


r> lutu.^ 

Piotif V trM»-f44fiior 

$• 


- tJiirjej fUQLiit ?*H 

t«V CONtl. LOCAL OAMflA tMO(« AMCLt 


i. - •aitfJ*Ql «SJl5J«Ut . «|0t«*»0| 0 

•oitst»uj .o00U«0i •iSfr«t*ot •i7oto*ui 


lOO OAU • COMftil 


. .OftlOD^OI . 
•Sr|o2*0J 
•5S»SB*D% 


roaci I 

«.ftiaB;*o) 

_ 


••02ia*0J 

.•tt>2t«as 


• rotJJ-oi 


•IOJIt*02 


• J2J7t«0* 


pRiStimc itiioiitiiON wetuLfs^ . . 

rpocrv rotoj ouri 

•OOOUQ _ . .00000 ••SI9J6*0U 


. «MO50«Ol . 


ro^ff ■ 


.•««t22>02 . ..UMj^ol 

.B?o«t«o 2 •raoti*o' 


-•79UJJ*U2 .U6«J*g| . . .{OaiT^D?- 

•I9t4««u2 .6l*t0'0) 

.^i«594»«aS USJ01*OJ_ - - 


tCLf* 

.00000 


• M«92*02 
.244M*0« 


• SlOtt'U . 
• j?jvu*0« 


•t«i«0*<ia 

.1 Jl9i«Ll 


•2tfU9 *OJ 


«9?4M«0« 

«I2SII«UI 


•S47Y4«V« 


ru«cf T 

, p Qff 


0CL7I 

_?^92o«ftiaa 


oCLr? tta 

„^0U00~ a2J9J7*OJ . 


•t?979*02 


«97000*M« »1««VO*OI 

.I7049«UI 


tonuii mUisuai^ 

•17122*02 

•JStsu#ao^ . 


•lt70J*0l. 

«J9L*IU.. 


.*21J7J1*02.. 

.;«3I5«0« 


^tlUltOJ. 

•I?17U*0« 


aMOJJ*OC 

•l320l*Kl 


•«0000*DO 


PPt _lhft fiOA t t on ■ 


roacLi 


-£0A1 lit^. . - ^^jastsoi- . 

.start-u/ 


OCLO 

^iZiioa-ai .. 

.49244*1)2 .«S5l«*llS ••I«ri49*|)« 
ifc.yn<»oj 


i^tr* 

- ^*00000 


r&uaca*Qj 

.29|96*Q9 


tVP 

Ui.99a«os 


.Ilt22«wl 


t _i0U^ 


.gAMttii ^aIJin>u 

. J099MD2 

^.^1412*- »U<U . 


>9H MA.li2 

.29«5»*t2 .9T797-0! 

• i2m*ui .ia%aa*a3 


•^t9aS*02 

•«29n«*o« 


. i71 ^u*0« 


• 4l09fl*U9 ■40000*00 

• M2ll*Ul 


_ LuPtB4U »llC fLOM 4N4LtSlS USI NG IttC LQCllHttD »HUWtt91 LLI WUL I IPlL _tHDCB COWPOttW ePfttaJU!- _ . - 

CAJC 0(U 0 ... ... pa«»f 

act act VAfttaatt 0 /f .tRAHJOiab N 022 Li..toLuiiaN _ .... 


KALH «b 6 lC PBCttMai 

ro* p o*- 


OlNLflV 

>• 


_ JMLW-. 


TCHPCNAtVaC 


ifUPQPl ■ 


9CL0CJ IT gtf _ 


94S CONSr. LOCAL 6ANNA SM0(« ANUt 


.it* 


I MALL .'.LftllllA- 


.jOOWM 

.l2l2S*u2 

,i.7jMQ2*yt. 


,00000 Q2 d nf ia*iiS .22 000*0 1 

•1*902*00 .*41*9'U$ .14404*09 .21990*09 .I2927«ul 

fiitftiAtu 


ji MALL^ . T coaim - ■J84Ju«Mn. wmofMO , ..imifcjju 

•1&02J*02 .112*1*01 .tlU04-U9 


i l OAt*fll AtiiU.*A|a ..iffiftOO*©!) S 

.12170*09 .117*9*01 


flLSSURC iNTECBAltOM BCtoLft 




IMQ2 





^^TtTVTSI 

.nunua 

.00000 

■BPCuCcm 

>00000 

•1U2 10*01 



■niMIIIIII 

PIP)PP|||l||!|||P|| 

92 aLlMftM PfllAlL 1 7 AMO 



HHHH 



■hhn 

pm 

wmm 

HRmiHi 

■ppiiiBi 


SSSn 

magw 

HmHPfli 

HUgMl 

2 




.17071*02 
.^&094i»U9 

•is«a»*oo 

.94Q79»01 

• 497*7*01 
.70001*09 

•I4»*f*0« 

•21994*09 

•12011*01 



■MBH 

¥im 

wmm 

mpfunp 

BMfmH 

Mill 

■PPPMH 


■pMfpm 


1 




.19942*02 
. t44A9*Uk 

•11901*01 
. .224&1*L2 

•»0lt0*0« 

.*1497*09 

•10174*00 

.12170*09 

•;1797*UI 






FOlitUliC 









roaCLA 

reocrr 

I0O02 

ocirv 

-.9k>A7«Au 

urtri 

19* 



94 _ 1 

MALI. 

’ COMIlN 


. 79LD2.UO 

•9ioia*fij 


-.21999*02 

.lfi2S9*..S 


f 




• 12020*02 
.40«21»na 

•Itt02*00 

.*1202-09 

•■1*901*0* 

*I4999«0* 

I2l<t0<0« 

.12090*01 



.. 

mall 


...I9im*fin 







1 




.19400*02 

. J&*D*»U9 

■bdezxbi^i 

iVfTTTToF^Bi 

*992*0-09 

.*2J9|i.tJ9 

.10109*09 

.12170*09 

.11790*01 







PBl tluRC- 










rODCLI 

70*Cf V 
.rtiioua 

10*02 
•UflQDQ ^ 

our V 

_ -.9J9JJ*D0. 

OCiM 

^OTnaa 

l>* 

.10294*01 



,24 . -J-. 

-oatL ■ 





• Qoaoa >.21«99«'*1 







• |I944 *'j 2 
..^4007j*Jil. 

• lSull*uO 
— kOllOiliiL. . 

.9I790*0$ 

dUlOft*U9 

.14110*09 

•21990*09 

.12999*01 
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LMSC-HREC TR D867400-111 

SAMPl.E 


PROB. KM 2 OUTPl'T (Cont *d) 


4A&1 Mu. 41 




•cs laMSOKic aoizix totufian 


. tma rntttmt 


• - ■ - It i>*t> LAirtu ilUUU 9n 

«4ICU OKISIIV 44& C^blt. lftC»l 44*ui4 aiaCLC 

JOC^. — . *»«• 


1*9 


mA. «_caiuii 




■ >yiifttiiy 




•teot«»a4 •*?5>o*04 




r««cf f****** ^"*i*««* Mif« m%.9> 

T^t^%»^»OI^ -•90m» . •36l«5«0S 


I 9tix • coarxii 


. *aim««a . 

•i«»7«*«e •«et*s*05 

— „a»is» *g— 






.31 \A WU 


••74«9>«4 




f«*^*'"** '*^*f«*W “■ **'*^**(4ni 


• IIMS^O? 




.•/20Q0«0I 


M mu raattM *^4ia »4*ai -aftniwga 

•t0454*Bi .%W44*9* «*9»IT*8’ •U9*l»«0« .liyS«*UI 

-Mffiia 


J 


MLSSOdK.aiiH«MJIfln_KSiClS 

fMcti rtacfr t99vz i<cir« 


•ilUilsfii. 


ft . • Mlt • CONlU .bBOM •9JlS«*ta . _ .OObOfi ^ . ••2M9t*92 •l9JeA*«B •Z^OWOt 

• ll»IZ*OZ .IIVOI*bO .S7SSS-M .|5«vs«0* .Zl«4«i*0* •I2f9««0l 

.«IZf9*Ul — ..♦•BiZl-tf* _ _ 


I 


_ft sJ_ai4tL...- CMuii.. 


.USOfilliQ. 


uni»‘02-. .•z—i *ii4 ■ I 

• %9zll*r^ •iZ)*a*0« 




'y*Clv 9999t Oil** 0^1* t 

*!SiBiiO ._ ajOOOO »-jO yiyfi 


i%p 


HVCC4I 

metal 

f.111 91,99*. 

CNsaCt la wgncaiua is : 

• I29d*ul 

.lAMfIflt 

119 i .ZaOlO^OO 


nAftNAi staai 

Liat 






.0000000 

.«Zi4?ft«*00 


•OuOOOOO 

>•2 149941*0* 

•2200000*01 


.I09U%0-UZ 


««07l44f*0l 

•4112*41 *00 

••2*1*402*22 

•21991*0 *0l 


.i*i«azo>oi 

.•2tt4«l»00 

•4412219*01 

.9421911*00 

••|1210I9«o2 

•2149112*01 


.ZIMI}Z>OI 

.•Z««tJ0*O0 

.4010414*01 

.1*11114 *01 

••140411**02 

.2190*90*41 


•zo«iu«o.oi 

••44z04»*00 


•l»4|1|1*0l 

••109*093*02 

.21902*1*01 


.SS»II4I*QI 

••ZlO%*l*QO 

•4S44tf0l*0l 

.2141110*01 

•.1029111*01 

.2191011*01 


.«Z40««S>0I 

•0214241*00 

• 4Mlll9*0l 

.2410290*01 

••4*9111**01 

.2191191*01 



.02mi«*oo 

.4«4991I*0I 

•1241412*01 

•.11*1120*01 

•219*9*1*01 



••24420S*00 

.40lS«t%*0l 

.1119232*01 

•11*0211*01 

.219*129*01 


•ymifu^oi 

• 024SSI4*00 

•40S009S*OI 

•4(108*1*81 

•1*11111*01 



• »ouio«*oi 

•0240121*00 


•41112*1*01 

•1114149*02 

.2191900 *01 


• 7MZZ14-0I 

•02S24lS«Oa 

•4010419*01 

•4904010*01 

• )9oH*2402 

•2109*12*01 


«4S04Jf4*01 

«0244S»4*00 

«40llll0«01 

•1109*12*01 

•2194119*02 

.2l01l0l*0l 


•tOSS»«4-OI 

• 0240004 *00 

•4422411*01 

•ll*«102«01 

•i2omr*02 

•2101101*01 


•fflTVOO^OI 

•0211120*00 

•4412114*01 

•4110219*01 

•10|1144i*02 

•2)42011*01 


•IOS*>TI«00 

•02I4000*00 

.4400141*01 

•1410190*01 

•442*121*02 

• 2)401 lO'Ol 


.IIOZft«*«O0 

.0/10291*00 

.4141140*01 

•*14»*41*OI 


•2)14244*01 


.II4S||«*00 

•0210109*00 

•*11Vft||*U| 

•10*1444*01 

.5111104*0« 

•1)14241*01 


.IZ2 7m*oO 

•0202049*00 

•4llS]4l*0l 

.1S0b203*0l 

•40*1144*02 

.2ll024l*«» 


.IZi^VIO^OO 

•0194004 *00 

• 4ll440l«ul 

• 111*14) *fl| 

•*S29991*G2 

•2l**}Uf*0l 


• lS«t«04*00 

•0|049|T«00 

•4l|]94j*y| 

•1*44*11*01 

•104*40I*o2 

•2142129*01 



''.0118994*00 

'^•444l|4|*tll 

•191109* *01 

.4122149*02 

•2114172*01 — - 


.iS?»S2i*00 

•oisisoi*oo 

.4404(141*01 

•1V9U9'4.0| 

•91*1121*01 



•l*tO«lZ*00 

•0»« 1094*00 

•444]9I«*UI 

• I94«2l4*t11 

•91*219**02 

•2)14141 *0l 



• 0*21421*00 

.4444412*01 

• IVO/014 *01 

•99o49ll*|»2 

•2)22114*01 


•liAfSlO^UO 


•44)0444*01 

• i«*.'ini*oi 

.IP14*l.*0l 

8-lU 
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LMSCHiREC TR D867400-1II 


OF POOK Q t 


SAMPLE PROBLEM 2 OUTPUT (Conc'd) 


— thOUXSttaU -^*»**aa**>» .ya^a iiam 

-4l»M*«ao- .xetixaaHiB.— ^i«2e«»»«i — jwuiifti . ^inmi«<aj_ 

-^2«i*M«<aa -.aiini»xn» ■w«»iati,i — .*iM»«na«i^-.i02J2Bi>sx. .>>aM<u«ai 

— 2W »« tMD — . mtiWam -»«ai«.«.iia -»«<» « «».«■ 

— mir*i 

» 2 i m2t«« 0 — .WtlltalM — .xximitnl 

. M 1 W 2 1 1 W . X III Mf ai -i» w<l«ai 

-•»%i TH i ami — >nziaai.«ga — .ximmmbi jia/iMaai -biam ik -iix 

. lWVB«« «a-..«n i » l^»t aB — ■■»»«» »x*«ai .laMa ami? 

. 2 *ttli>i«a« .MMiaif .«iiin»v»«i — tUMtlf l 

.«i»«<u«iB_.. 2 «<xuaaaa .tatwii>»iu •xuuu'Oi— •»<s«n«>st._.if 2 «uixat 

— uittaia«aB — »ia>i»tnai .»2»xw^ •sMuiitaz— •JHUiaxBi 

. 21« X BS X » MI ■ . WWMIU ni .««J21«WI1 .iM»Mii.ai 

.luiatiToe — . iwwtf »ianiijj»ia — .UMMB«si_.saiMM<e2_.iM«iK>ai. 

.int K M i a B .taiat^^aa — .fuui 

— .I « 11 2 « f BB ^«22»«n»ai -t.M2al.ai .l««lMa»a2 

.m« 2 a*iio .noauuno .>iituT««iii .lawiuia^ . 224 )> 2 e*ai_ .itaaa«a«ai _ 

. - - .xuai*j»aa »w iM Maa .ta m M»at--4jtian«te2. ..i5*m2«at ^«s«u»aA _ ... 

-ixa Mw aa .iamia«aa .jaixafa»ai .iai> aw«ei -.ii«bi«»»bi .iM wn.Bi 

.)<«u$i.aa. .lassaxvaa .jautTa<jiL..iati«i*>e 2 •.*«t«iti«ai_aisi«a»t*oi 

.n»*si2<aa .TMaaiitaa .iiaa««2.ei ^£asatt<a2.-.2t2ana<02 .^i*««a2e>ei _ _ . 

.J*«>ia2«aa — .jatua VC B .i W UMtia — »i ii 2 u:l»a 2 - .in iu«.m .ti i 2 »««.ai 

- .jT 2 *au«aa. ^l•Blal••ae— .u««** 2 *ai .u<jiu*aj ...I 2 asirr>ei 

.i>ttait*iia .maustea ...jmsxi'oi ...iiii*rD>a 2 •.aoaitst'e; •■iM«a 2 *ei 

aJia^ijaaoO— •IMaliZaao — »xii 2 xaaaai .i7iaa2a»aj r«*«aasrf*ik 2 « 2 er«iaf*ai 

aWitajiaaO- *ii4Jara*aa.. .Jii»jia«al •ut»yia«iu. .*attsM-oa 

. .J*t*t>u«aa ..luoaonaao- .ia»n>a*Di_.utiaaa' 0 ^ -.siaia<i«ol .•oaaaaO'oe . 

ttLXuntJaiLfatiiaB olsia.u 

ftMCca 'aatrt loac." oiir» Mi*» lia 

.OUOlML .laoOU -.a^jalaOU .aoiioe •3ea2X*DS 
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LHSC-ilREC TR 0667400-III 


SAMPLE PROBLEM 2 OUTPUT (Concluded) 


. _ a !iA . ■ ir 1 1 m 

•LUr-4 4 - _ ~ 

«c«i€i t— ii 4 aa , — 

c«H . tR ti 9tt iiMrtfmK aaJffcfc afluiHM 

«Mli«L M>Kn .1 \ % J ■ * la O AJ J% IV_I> 1? it ly »» 

i. -« d ^ J L r -A ■ .J- I t Ji 

_.•/» It , Wtil LI* 

mtam* if* *> aHIOi 

(.1* MBa. _ _ - — - - - 

«.S4P«^l 1« •.■•■'•I t»fi 1 

. . lifdfeA- — - - - - - . _ - 


>•>•1 t£id- fi iiiid~af 


CM t Mt • 'vS = t.l«S«Sl 

CLam%Lm rnma.9 ‘ liiiW-tif 


!*• . SiSHiMfM .— . aSft « AiA #^ c . . • jaB * ai « r « . sm **!* 

**■■>«! •mm •!— »mm 

UW- t> f t, ■ ■mtMif la 


.CfliUMtS IM4.«1 


1- 




Hint ■■ - 


••I 


UH.,U3ifti!im. 


«M.l 
11»«IB 
ffl» 


•Cta*« 


?.aa%«as 

. A.jn*dA 


a,»Al-ai l.h 2 l*ai 


c* 

.riBAJi. 


HiBCItv (Mt** 


S. 141*01 


Btm 


S.OM*Oi 

tdtarfli- 


-l.tL-ftU 

•.4*0*01 

i.ioe-oi 

l^OLUL. 


lO/f f 


t.*«o*o^ 

iaIZ’tA. 


•••t**«t 


io/«s 

i.taa OA 

l.«lO*OA 

j:>itjrta 


f/\ 

a«*tt*ti ■ 


••*f««0l 

o.nirai. 


»/io 

->>4^1 »0i 


*s. 


•/10*a 


f.4lt*01 

dAitf-oa . 


f.m*os 


f.ltO*#! 

fittarti. 


*y.«s»«o4 

sftatidt 


I.lf7*0 

f.lfl*00 

*>>»**• 


t.****ag 


2.141 *M 
2.110*00 
2.4S**00 

2.4*0*00 
2. 2*4*00 


t.2u«*0i 

>•on*o& 

l.f 12*01 


*.121*01 
J *041=01- 



4.1«0*0l 

■ tifcgtHU. 


4.0*0*0l 

i 4 idA*di 


2«ffl*01 


9.00**02 

*•290-01 

■a>taa-tA . 


2.t0*-09 


•too *01 


a.O«**09 ».9?9«09 

UAfiz = n _ j » oil £ oi . 

i.«oa*09 y.22i*oi 


*•• 9*1*02 

“t■lA^♦d. 


a.if 2 *o 




-••944*e; 9.if2*o 

^*OtB*d2 uiil^li . 

-*.»a2*02 9»l»2*0O 


?>yo4*ia ,*aitfrti, . itiitJM 


2 » 020*00 

- itfllttO- 
2 . 001*00 

1. 1*4*00 


• •flf-Ol l.209*01 

- A , ioi * 0 a , i > io 3 * ai , 
9.4I0-0I 1.219*01 


I* 


II 

I* 

1 ^-— * . - . 

JJL 
20 
la. 

22 
11 
2 * 
n 


*••**- 0 ] 
jAlta-fla , 


9*090-01 
o*aii-ti ■ 


•••«I* 0 I 


I.I0**01 

lAUffla 


• •OH-OI 

•^ 424-01 


2 . 210*01 


f.009*0l 


• 1*4*01 
«nd 2 ftl 


*•014-01 

Itliii-dA, 


l••l•• 0 l 

l-fiO-OA 


1.419-Oi 

itJti-dA ■ 


7.92**01 

Ia/OHU 


1 . 112*01 

laAfltOi- 


O.OOO-OI 

OAloi-fla 


I.449-0I 

JitAi^dA 


1 . 10* -01 


1.012*09 


. 001*01 

aflWgJ 


*. 7*7.01 
^• 102 = 01 . 


1«*42*0I 

l*aA|-tA 


2 « 0 * 0 H »1 

■iomrfll. 


1.791*09 

iiftt-n. 


7.O9O*01 

7.000*01 


*.779-01 
■ loig’tA 


1.217*01 

.aUAi-flA. 


2.4O*-01 

A^nrgi 


t.4«2-09 

1.070*09 


7*O9I*01 


1.19**01 

-i.Ulrai 


2.401-01 

2 U 2 d*Al 


1.4*0-09 

-Lotltr»- 


0.000 *01 


-I.OIt*!! 


1.172*00 

i>irx*p 


2 - 210*01 

aata*gj 


a. 400 -09 
1 . 912-09 


0.049*01 

t.OO^*OJ 


-1.0*1*01 

- 1 . 091*01 


1.172*0 

juim 


1 . 200*00 
UBlWp-i . 


•971*0» 

lo»f"g 


i.||9*ol 

1aAJL*M- 


•I. I 
U. 


I.I72*C* 
■ iri,«ai> 


1.1 72*0 


1.141*00 

-liilZ'irt* 

1**44**0 

1.919*00 


l• 9 • 0*00 


4.990-01 

-fairid 


-1.074-0] 

-rA«W*tJ 


-il 


1-01 
tintii, 


1.172*00 
-j.ia.tik- 
j. 172*00 

2 -f 2 J* 0 d 


1.490*00 
. lrHJ«tO. 
1.717*m 
1.7*4*0 0 


2 * 


0.241*01 

. t.2tt.*tl. 


1.090*01 
-.1 .11**01 


*.7*4*01 

i.jiarai- 


24 

4.994*01 

I.OII.0I 

*•794*01 

* 

2# - 

. .0. 019 *1A -^-0«lA14i. 

_.l»21A=0ii 1 

10 

4.070-01 

1.000*01 

4.7*7-01 

4 

II 

4. itg4*0l 

4.424*02 

«. 7*2-01 

L 

12 

4.940*01 

4.740*02 

*•714*01 

7 

II 

f.92r-tA . 


.^lAliOsOl. . 


1* 

I.0v0*00 

4.409*02 

4. 721-01 

4 


2.044-pl I.W-Pi 0,149*01 *1. 102*01 

AmH>M :Aj IIUAI.- 

O«21**0I -1,119*41 


1,49**01 1,910*09 

-. AA 9 ll « tA — JiBPfkrMX^^JU2il£iX 

I, 441-01 a,*0l-09 0.240*01 *1.124*0} 

uHj-ja 


1.172*0 


1.777*00 


1,447-01 I ,**1*09 0,112*01 *l.l«O,01 

-lOAlrOJ—USU^il toatli,,. •itmrJLJ, 

l.9l9*OJ 1,147*09 0,194*01 -1.190*01 


ai . iii*«L ai .’ i ?« 0 . 

7.172*00 l.«0i*00 
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LMSC-UK£C T& 0667400-111 


OF POOR 


quautv 


SAMPLE PROBLEM 2 OUTPUT (Cont'd) 


••r«i MStMCf* 9ft* 


99*X *cct 


rccr 




••CSMC 


sr«tic *fp 


C9CC 






I«ct0 


n.01 Ml*, r V I 



-irsM-Sf 

•ii«ss-st 

•2*«C*-«I 



• 10109*00 

. 12500*00 


• |PS|S*SS 

• 2SSS91SS 

• 2 i*n*ss 

•26**S*00 


•20009*00 

.1210**00 


.irii**ss 

• MP«S*SS 

.•22»S*2S 

««%Mr*oe 

••921l*«0 

.90*02*00 



•SPtSS*SS 

•SSS9*«S0 

•O20S9*«S 

j*60Sl*0t .0VSI0620 

.*ofso*oe _ 

.14504^00 ^ 










..i9%ss*as 

• asssi«ss 

•2OW00 

"•2119* *S0 

•2*t*9-«a~ 

.**|N*«« ■ 

' .B2SSS-SS 


• IR9|**iS 

• •S9S9-SS 

•6MOO*OS 

•6S0I9*00 

•909*0 «0S 

•S»991*00 



.^SS0S«SS 

•S2tM«SS 

•MSSl OS 

^***»*ti 

• f006*-0f~ 

‘ '•92*50*00 

.952*5*00 


•SSMMSS 

.Satts«ss 

••SSfS«S0 

MI01*00 

•9S0O5M 

•*5290 ISO 



• lSSM«SI 








•srs*r^» 

••2222-SI 

•101*1*00 

• 119t**ot 



~ .uiis-si 

.irtfts«w 

.t«ise«ss 

.2a»s«ss 

•2U«0*00 

•22912*00 

.29010-00 




*2St«l*SS 

•2Sl%l«SS 

•2SS*6 *90 



•I2**2*0C 


.|6I6C«M 

.»»•»•••• . 

.tM»*SS 

• •*200*00 

•1*909*00 

• 19*10-00 

• |«215*0C 

• SSSlB-iO 

.!*•«•« as 

•assss*ss 








•S«*|T^ 

•HSM^S 

.S«22l*OS 

'•*9501^ 


.5*119-05 

.«ISS<««5 

-MSPP-SS 

• IS2S*-S* 

•1IS0S*06 

•12M6-M 

. 11105-^ 

•l*00*-S6 

.16025-06 



-iP2n-M 

.19100 

.19922*^ 


.20595-06 

•2B6I0V9 


^fs>*-s« 

•2tMS-S* 

•26V*S*06 

•25509-09 .2O102-O9 

.2»|02-S9 

.29*06-06 

•2«P3««S« 









•testa*as 

• 2»l2S^t 

•%€%SO^t 

.%9250*SI 

••2H0^1 

• 19120-01 

.12100-01 

•2«2Pa*St 


•2ir*S-SI 

• !•••. -01 


.15*00^1 

.l•S0t-0l 


• I2t»-Sl 

• IR2$S-C1 

•tai90-st 


•9|*«0-«2 

•SOlOO*^ 

•05270-02 


.PM4S-C2 

.P*S^-S2 

• I0S6S-S2 

.67190^2 

•99*50-02 

.*|09C-«2 

•5«*«0-S2 

.552*0-02 

•SlPTa-M 

.«Sl*S-82 








.l«2S«*St 

•I9SS2.0I 

.C«*CS*S0 

.T«2S0*O8 

.*iec9-oo 

.52090*00 

.6*20**00 

.•3i«i*ce 

.tSHP*Sf 

.1IS*«*S0 

.27912*00 

•2*915-00 

.2219C*0* 

.2069**09 

■••99**S0 

.1 •f«s*:s 

.tsct**os 

.lSil2«00 

.16221*00 

•1XS9«*Q6 

• 1272*.M 

.121*5*50 

i»*a» 


• l5s 

•ISSPZ-SS 

.•6IS9-C1 

•9225*-*1 

.«S«6>-91 

.•199I-5I 

.T«99*-0l 

.rMH-31 

.ftS6«S.0t 







.6«SP«*9tt 

.*• iwe* 

•SPIIS.9* 

.*•195*06 

.7c9*0*0* 

.71919*06 

.71012*96 

.999*1«06 


.r5T«s*c* 

• 2«S 12*06 

.9r/tO«06 

.77*09 *M 

• 79191*39 

.995*l-:6 

.r*IO**S6 

• T«f I6«9* 

•SSOTfS* 

• MlSS-0* 

-•c*69*06 

.* 0 * 21 •a* 

-*ll5C*M 

.01l6**96 

.5l599*06 

.6lPt0«^ 

•SI«>fO« 

.utsi*a« 

.*2162 *86 

•«25«S*fl9 

.02*9**06 

•S2599*S6 

.51119*56 

.•ISST.3* 

.•un*s» 







.t«S«S*S2 


-•12112*01 

.«s9*«*ea 

.t9i***oe 

.11095-00 

.10199*00 

.2«99O*0e 


•2T69»*eS 

• ISTSS-OS 

.2tSS2*0e 

.1115* *O0 

•2j5»*-00 

•i96*o*or 

.19951*00 


•«sap»*ss 

•l•l•l•ss 

• Il6l**80 

•16952 -00 

•ll920*00 

• 12099*ge 

• 16199 *09 


•»?%i8*as 

• l%OPf*OS 

• 1279**00 

•1211 1*00 

• I6979.M 

.|929*.M 

.«99S*eO 


•2* 196 *00 








•««sf i*at 

-•12112*01 

.*C9*6*9c 

.j9*p«-0C 

.11575-50 

.M197-0C 

. 9770-00 


•2T* 9*9« 

• 2SrS9-O0 

•21002*00 

•2St^*00 

.2j57**50 

•t«*09*00 

.|f95t*M 

.1 »?C»*5C 

• t69^6*80 

.|•l•l•0S 

-166l**C9 

•|*-«2*0C 

.11925*00 

• 12079 *0C 

.|•l*••0C 

.II»P%«3T 

•I2*l9*se 

• t%SM*0S 

.|P999*00 

•trii**oo 

.i69f*»ec 

.io 2 c*«oe 

.20990 «00 

-aosis 

.2* f««*«S 





PAM 

•M— ■ 


•oesM 

.83SM 

-sssso 

•ossos 

•SOM 

-SOSOS 


!omS .06000 

.oouit 

•90000 


•MOSS 




.OOBCC' •— 

.3MM 

.00000 " 

•SOSSS 

•sssso 



— — 



- . 

— 

.iietoaa 

•MOSS-SI 

•ism^i 

•6*161<«1 


•61620-St 

•9III0-CI 

.10*79-01 

.nn*^' 


.ioM*5«r‘ 

.m«rW 

•2*B**^I 




.2S0M-SI 

•ISSSS-SI 

• lSl«f-OI 

.1712*^01 

• 10* 20-01 

.i5on*.i 

• I5IIS-0I 





;i9Mi^i * ;mi$^oi — ansv=»i ;u«n^- 


wgLt. TC**Cl**'l*t*OCI^ 


rtOB, 


co*p rtui* 


co^ ^lUS* li/s #9 


.21*62*0* 

•2I9M-09 

•21*20*a9 

.21900*0* 

.211*0-0% 

•21120*09 

•21250*09 

•211*0-09 

.21200*0« 

•22900*09 

.22570*09 

•222*0*09 

•50000 

■ •ffl50-o<“ 
•22**0-i* 
.125M-05 * 
•222X-0* _ 

•ooooo 

”21120*00“ 

•22*20*0* 

V22*9o*0* 

•50000 

•IIVOO'SI 
.229*0-09 
•22*50^^ ' 

•00000 

.21990*0* 
■;22«iSi^i5 — 

•ssooe 

.22900*06 
•221F5— ** 

.00000 

.22**6*X 

•2nvo^ — 

,3ncao 

.22*10*09 

.22200-aS^ 

•OOOOO 

.50000 

* .00000 

•OOOOO ~ 

■ ; MOSS 

•OOL*flS 

T008ir”““““ 

“BBCBT” 

*790000^ 

.50000 

•mox 

*00000 

•00000 

•coooo 

•COGOO 

.50000 

.05000 

.50000 

.03060 

.00000 

•MOOT 

•oooos 

.00000 

•ooeoO 

•ooeoO 

•90500 

UlCOQO 

• OOOC5 

•ooooo 

•ooooo 

.C6v0* 
.090^ 

.600X 

•OOOOO 

• OOOX 

ssa - 

•OOOOO 

.50000 

•00050 

•ooooo 

.COCO0 

• oWO 

’.OOOM 

.33000 

.500X 

-ooooo 

•MOOS 

•X800 

•ooeoc 

.OMX 

.ooooo 

.33080 

.50000 

•8C0X 

•OOOM 

•ooox 

•60000 

.60005 

• 0X06 

.08050 

•ooox 

•03080 

•M5X 

•xooo _ 

•OCOOO 

•ccooo 

-800C0 

.00500 

•50000 

.3X08 

-ooooo 

• X535 

•ooaco 

■cmfli 

‘.adOCi^ 

.30500 

.50000 

.50005 

•OOOM 

•ooox 

• XOOO 

.JOQM 

.6QGC5 

.905M 

.50000 

•ascoo 

.53X0 

•5C050 

.CC500 

• XCM 

•ooooo 

•coooa 

•8S0C0 

• 8X00 

•3XX 
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LMSCHIREC TR 0667400 -II 1 


SAMPLE PROBLEM 2 OUTPUT (Cont'd) 

**li* MIf* fM«iA(aCC M tftlxne 


tICWIf* XMlft 0*w MMAla » !• C*aSCM>fta 

fiat wMi caiw aMafia raeaat 

.tm t.iM .r*«i .i»ta ».>«i II •f.z««i I •i.r<M 

.am >.*•• i.aMs .•«w i.^i u - i . I'M ~ 

.Ml a.iit i^l«f .r**T »,-«i 11 •|.■••| II •I.s>«t 

-••• l.aii ^.•nt -%rr» •.-€» ii •|.I«*I il ^.*^1 

-CM i.r«* t.a»*» t.-9t II II •s.s<«t 

•aw i.ait *.san .uia i.-ca ii •a.a^aa r ^.r«ai 

•laa i.vra •••!#% .Mfm a.-cj n -t.a*aa a •i.a^ai 

•aw i.isa •.fit .••»« i.-ai ii •l.l•e• r'=7:r<«l 

.aw i.»i» •••••ii.cew II -i.a-ai • -a.i'w 

•WO i.iif •.••Ml. caw k.-aa ii -i.a^as a a.r-ai 




I.SIS»8 


■•01 VS 

rfCf 


»«cssvac CMC »CL. 

mtm M 

i.30T»oa 


«04A. Hii«CS i8/sr^ 

•CCV«»IC«C c««* 

«c*o««4. c«t 

•«SCS*CX 0.CC8 a.SM C.S0O 


ocr«r 

VOtOi C«s 

a.oao 


•ftftV 

•trr tiSM 

i.ooo.€r $•: 


rop r«r« «€•■# 


rt . C < iC « V ««. OICCvifif " Ciom ~ L8/SO 

C.980 


« ft « ^»«s «^ B ? r««M n . 9vr*c ■•• 4 « cpc*s 

ccrrra OP 'C« 

cr#? It V4. •vox MS 9*1 

f.5««-09 c-^ e.OM 0*000 


CLC^^m •«SS fOMSCCO COC ^^ CcfC « tS « 

cv, roo ' - 


0;soi«CC. crr?cri«C f^TmMi.Pw ■ev%4t9S 

rt^rm 0€tsr»m otMioce * c «^ 0 « •€■ *«.^r 

rec» rfcr r^jT r«T 
■.■IT*OS X.v^:•9S l.*2X-«S t*0Xt-9« •*r2**0» 


••SS Pvicavcss re* 


rfcr 

C.QOO 


reros *<«f T-*L*sp 

ro «xt tcxs 

•rs ii.ort 

O.SOO 


rsTAt •cccLC*«piev t«vtu:o r«?A4 

••i.L •■¥« ■•••«crf**« "OlS t* ft VOSS X* * 

**T9 iO/S Ci/S 

c.c3e i.i«i*cs *.i$«*oa 


€*• s;s*a%cc 

r*9« •ALL 
reel 

r 

tf/l:C 

3.C30 

3.CC0 

2.300 

0.900 

2.4C0-91 

•.T2«-3I 

I. 311-OS 

I. 42* -92 

O.00*-0| 

2-2vl-r4 

I.**t-C* 

t. *11-02 

I.5S*-a2 

S.m.TA 


■ .•••-02 

2.131-32 


2.*4C-Ot 

:.«2i--t 

».«n-)2 

I.VCA-^ 

*. ri4-3i 

2.*0S-01 

;.«oS-0i 

• . rrv-rs 

*.I2..c2 

♦-2I2.C1 



i.ui-ei 

*.•10-01 


2-2CJ-.-* 


•.102-01 

t. 003-00 

!.C2*-r* 

1.319-CO 

•.SCO -91 

t.201-00 

i.m-^ 

1.104.00 

*.422-01 

2.100*00 

4.222-0* 

2.«0«*60 

1.000 *00 

o;si4*cc 

oc*srTf 

•iscosirt 

sPtctric 

roo* VACS 

■*0 


X*2 

rccf 

Lom 

10/24 

■ /lO-O 

0-000 

2. 2»4-02 

2. *1*^4 

S.lSl-Ol 

l.m-09 

2.2»2-02 

2. MO-OS 

1.141-01 

2.2*1-04 

2.T%S-C2 

2.M2-OS 

1.14«-wt 

S.1»Smw4 

0.«04-04 

2.2»%-02 

2.4*>-0S 

1.S4S-01 

2.24S-02 

2.M2*OS 

5.I4»^1 

1.40S-0S 

2.TS2-C2 

2.4SS-OS 

l.lSO-01 

••>20-04 

2.04S-32 

2.214-OS 

1.10S-«I 

1.24S-0* 

1.I2*-C2 

2.S*0^ 

S.210-91 

».»0>-O* 

2.0?1-92 

2.*0S<S 

1.271-01 

t.024-0* 

2.0«0-02 

2.244-00 

S.lU-91 

t.m*o* 

2 .»T-a| 

2.1IS-0S 

1.1*1-01 

0.222-0* 

2.1*2-92 

2.*S0*<S 

S.%|«-0| 


•.JOOvOO 

• .MI*00 

•aOVttvOO 

i.:oo«oo 

l.vSOvOO 

laSSt^wl 

S.IMHIC 

••■■■*02 

;: isr * 


s*c«* 

lOTpr* 

0. 525.C1 

t.«0« *0t 

1. ?X2*Ct 
P.«S5vOI 
r. X«*CI 

2 . r0fC0 
t.lS9*C0 
■ .W7-6I 
0*000-01 

'ff;ooe~ ■ 


0* roiAt 
cvf««4*v 

•rto 

**.St«v02 

•v.S05««2 

-%.v0Ov07 

<*«.sorv02 

•v*l03*02 

•f.l»s*92 

•2**IO»cI 

• *ro**oi 

■*20O*0l 


2*ioj*Brne75 


0* fc**_ 

on.9 o/iO 

2.2f|v02 I.^OlvO* 

j . 7oo ; o7 — r.ooovco 
•.•■r*c 2 •.■oovox 
S.«02vC2 O.IOlvOS 
r*SS«v02 s.lll*ef 

0alS«*02 • I.SlfPOS 

i*rso*C2 -i.s«s*e2 
2;iTSver>o.7Sc«oi 

l.«li*C2 *laO«X*Q2 
l*S»0vQ2 -0*041*01 


suite fc** 

o/lo tco-* 

^.Cl^ot 

-«.S0r*02 2*Y*$vOS 

*«.400»c^ 9rf*f»CT“ 

*«.»*t*C2 2*S»0*ei 

-«.«of*oa 2 *T«>v 01 
-«.sst *02 2 *:suet 
•s*l««*02 2*220*Of 

*0,00>*02 2.0v1»ci 

.c.*vr.«f“ KToc.er 

-••■•0VO2 2.70Rvrt 
2* 120*00 


PlaC^M. 

ce*o. 

o/so«« 

1.100.3?“ 

1.201 - OV 

1.202 - OS 
1.20*-CS 
X.20I-OS' 

2.0S1-OS 
2*001-0? ' 
X.OOO-OS 
X»|2q-Os 

X* too -of 


■•••on ■oetrfCO_ 
SCNOtOf 


«.«|-01 


MWQ g O^ 

•*TSi-01 


■OLCCOttO 


•«oso«cos iiiooMie»t 
" O*4«0fl *0 


C.S|o*«T”4.0 


m-oi ■.ni w^, i.s ivoi 2 . * 2 o-o? 


•.lSl-01 

•*TSi-ai o.TSi^i i*sio«oi 

• o.Hl^t n?jc#4i” 

•*TSt-Ol ■•PSt-Ol 1*S1«*01 

cm =« r “ 4 , iii-*x i * oi « v0i 


•*ni-oi «*»si^i 
■•ni-oi •.ni 3 fr’ 
o.nt-oi ■•ni-oi 
o*?u^r o.pst-%v 
■»ysi.ei o.rst*^i 


t2 0*000 
USU-ol 0.000 
2‘.wi‘ior^ 0.000“ 

■.m-01 a*4ao_ 

Troiosororoov 


-IrMCSr 


0»600-OT~ 


I.SI — 01 1. 4*0*00 0.000 

"i.ifivi'i" i.o^ivoo CIOoo 


l.sttvoi I. 420 PCO 

l.SlovQI I.42QP00 


0.000 

Vvcoo*" 


’▼‘.ooo=*r“ 

o.eoo-oi 

o^eot^i 


nriT CBLico 



cr*ff» 

v/uC 

Itiall 

SOI l.l.ll 


0.900 

c-oco 

-••Sl«*02 

l.COO.OO 

2 

*.»*2-3J 

1.CCI-C2 

-•.•tl-32 

;;.C30 


2. 122-92 

1.200-01 

-•.*6S*C2 

C.3-M 

• 

•••**-02 

2.S0I-0I 

•••124*02 

o.aoo 

1 

2.221-02 

3.»*«-0l 

-1. •12*32 

O.OCO 

* 

1.000 -01 

• .SCl-Ol 

-T.4«4*32 

r.sco 

r 

i.sto-oi 

l.***-0l 

-t.C*l*02 

3.030 

0 

2.* 11-01 

2.S1*-0I 

-2.21«*a2 

5.300 

• 

1.112-01 

4. *1*^1 

-l.4«**02 

0.300 

10 

1.000*90 

*.190-01 

•.242-01 

S.«*0-Gl 

11 

1.121.04 

*.24r-Ol 

l.l*%-32 

4.42Q.02 

12 

2.190*00 

1.906*00 

2.!*}*02 

2. I•1•QI 


S»l|aX*2l S»u.f,ll $*llal.«* s*«l.l.4| SP|l,I,r> Vpfl.f.4 


Ck.v . ,1 

OF POCli Q. 
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LMSC-UREC TR DB67400-111 

L..., . ; . 

OF POG<^ •’ 


SAMPLE PROBLEM 2 OUTPUT (Cont'd) 


9* 


90SIIIM .r*M4««o net 


iiCMfcv vteocs o««» •••u.m i« ceMeverio* cm. 

lf» nn r9*m CM* it<n«r«» CiC:«Ct 

I .M S,m ^.Itso S.o«f 17 tl »••«€! 

« ..••• «*9f« ».-et U II t.sti 

f .«co »,fft e.iiMi.ae «9 s.-ot is u 

•mim rnssnac cecc m. ten* ftcri# mcri rteics*^#sr 2 

net Rta r/s acrmstMi-tiT^CRfii itvii 

s.5ta«oo ft.«99-oe ••s***«9 c.«s*-oi t.ejMi o.oii 


•Ml ••» riM«c9 iC/sr* 

%•<«• -coMAKn. CM«* refRC'a«l 

i«T/n H»99m, f% 

•.en*«D 9*aoo 9 .mo o.m ~ a.oM 


CLCRCtttM. «Ms oirnsttc noaCR la/an na 


■•«• r«««s MfRf r»MS aiMiM »***«cfc«s " eunarac mss 

cacn. cactr* *t #MC«vC«sti cm c«, fm 

cm ST FMfC s«S CM ' T®tai ca$ ' “ ' 

••MS.-O* O.OBO 9.00P O.CQO 0.000 


otsoiacc. CFFCCMtC C«tMiFv OfrMlOS MSS tHica^SS FOO 
r«IC«<iCSS,tMICMCSS» 0009 TM|C«afCSS, 

7<<ra OCS-SfOO OISM-FCC* ia«00« n* FOOT ' ^ 

FCCt FCCT f£Cf FCCf FfCt 

I.STO«OS 0«t«S*9| o-rOS-OS I.SSI*0S «.tOO.OS C.300 


T0f«l <Of TMMt 

tf •Ml less 

O's «iiFi 

9««P«*0I t.lST.00 

K torOOMtlOB 


roTai •CCCieoatteo r«9|SCtO rrT«c 

■ML ana Fa«anrro»« MSS I« OR MSS in n 

•F?» lO/S lO/S 

|,« 0 «* 9 a |.tOt* 0 T s. 0 «|* 0 | S.MI-Ol 


(• fOtai 
eorwaiof 

0/To 1 

•S.t0%*01 s 
*5.01 t*oe 'o 

•%,PJ5»02 _0 
M.jia.ci' t 
I 

-i.MO.oe ] 
s.ooi.od' » 

•*0|?*CI a 

:.tso»or' I 
^.us*ee_ I 
2,SOS*oe Q 


€»a 

Otstanc 

F 

U/UC 

FM 

Wat 

FOOM baiL 






FCCT 



“ 

10F/F1“ 

0.030 

d.eco 

o.ieo 

C.900 

1.155 *00 

o. 100*09 

•.S%5*09 

i.rco-05 

0.*0«-QO 

s.lir-91 

1.111*00 

O.151.C0 

t. 130-01 

l.t 0 «- 0 o 

s.»ot-cs 

1. 100-91 

1.0*0*00 

0.200*00 

l.SSF-01 

o.5o«.*o 

I.OTf-01 

1.505-31 

t. 0 to *00 

o. 0 % 0*00 

l.otO-Ol 

0.005-00 

5.555-01 

».0ll-0l 

1.905*00 

0.015*00 

•.♦»0“Sl 

♦.•OI-CO 

0.075.01 

«.OiO-0| 

1 .C00*00 

5.«0«*00' 

O.0 10-01 

l.OOS-OS 

I. §70-91 

O.I17-01 

5.750 -01 

S.070M 

i.o«e-oi 

I.SOS-Ol 

0.500H5I 

7. 000-31 

0.701-01 

t.ll0*90 

O.505-0I 

O.TPO-OI 

1. Pit *00 

0.517-01 

5.001-02 

1.5oo*00 

l.OOC-20 

1.151-02 

• •lotme 

♦ .500-01 

t.OlT-Of 

1.5||*GQ 

2.010*30 

i.oio-n 

0.515. 00 

• .r07-0i 

•.oio«9S 

O.OQS-OI 

1.500*00 

i.sii-ei 

1.151*01 

1.300*00 

0.000 

0.009 

CtStaacC 

OCoSITt 

FiSrOSirr SFCClFfC 

7Mf««at 

♦Qaoon 

F«ea «««.! 

Owe 


na7 

ceoQ. 

ouMica 

FfCf 

te/Fi 

L5/F5 

♦ /L0-* 

0/5F-O 


3- 300 

a. * 00 -CO 

l.P55^5 

s. 101-01 

t.Coo^S 

o.»5|-01 

•.P30-05 

0 .«S 0 -Co 

1.751-0$ 

s.si3-ei 

I.07SHI5 

0.751-01 

1. lOO-Oo 

O.TOI-Oo 

1.700-0$ 

5.S1I-OI 

i.o«o«o$ 

0. 751-01 

«.5%4*Oo 

o.ieo -00 

1.707-0$ 

5.510^1* 

i*a*i*o» •-ffr-of" 


soo ■ st*Tie tc*# 


119 *01 «.^a*OS 

H7*oi i.taO*OT 
150*02 a.ioovos 
>oi*o?~-t.ooi*3? 
is»*oi -i.tys*o5 


nv:8KleMr.Sf 

es>* 0 i - 1 . 000*01 
>• • *• of^. 5*S 0 • 00* 
■CQ T.CI •*^i’0O**0_ 
c99 n.oci-oi 


-S.t«a*0e 1.111«0B 

-5;osi*or i.iaf*oi~ 

-•-♦5J*0e l*24l»01 

•a.Ho*8‘''l.foi*Oi 

g*iai*0i 

-0.«S0*02 l.«T4*09 

-«.oit*«f^ r.*fO*OT“' 

*«.Mt*oe x.«io*o 2 

-i.or^OS i.iti*Ao 
-i.ie2*e> i.ei4*oi 
-fTHo^Br^.Wiar” 


••aos-^ a.ato- 0 « e*tto-OS 

•««oi«oa o.oro*» i.aro-os 
t.aoi-os nscs-«o 1.510*0$ 
t.50S-09 O.eaOHia l.m-o$ 

4 «Ff 0 « 0 $ t.ois-oi l.t55*05 
t.lSlM |•10T•0S l.aoo^ 
1.010% 1.010*09 t»aei*o$ 

l.$lt-oi I.SSS-OS t.}f7-0$' 


S.ioa-OB 

$«lTf-Ot 

5.|00r0l_ 

5.0oa-0t 

0.019-Ot 


S.0S0*0$ _ •• fSl-01 
1.0f«^ ••T$1-0f 

l.tn-09 •,F9|-0| 

i.ssi-os o.ni<^r 

l.cl$*0$ o*Ml*0t 

1.011^ «'*Hi*q| 


•eOtFICO oCLCCULaO 
sc***tcr «ci6Nr 

oa^oc* _ 

• •r$|i?U l.SSoTifr ~aZMS d.flOO” * O.dtfB 

|.Sja*Cl I.oof-Ol l.llt-oo o.OOO-OI 
0.t$t*OI |.590*flt <. 1 S^.. 0 I a.On-09 O. OO0-O| 

o.Fftfoi i.sio*a$ e.no«of" y.744% 

o*75l^|_ I.IJO*#! O.MMI l.T|l-ei ♦•000-01 

a.t$s- 0 i T,sso*fi t.'ienao fUn-it o.oOO-Ot 

•.r5UOi_ o.m-oi 

a.tsiJit a.$i«*ot i.s$r«oi t«oio*oi «.coo^i ' 

!:ll:3{ l:tn:g r^; 


■m«S 0«CF5 tuat4i4C*T 

/•■OCame FOaoon. *0 


o*M0-ot. l*•♦^:0i..♦•nl-ol 
o.72|»oi i.5oe^ ••rsi*of 
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LMSC-HREC TR D867400-III 


SAMPLE PROBLEM 2 OUTPUT (Cont'd) 


}v«%44i>r *\v^f rtriiriCir cere iMtudnc vm? l«vc* 


*«SS n«« ARlBAftfC IMTSCD *«(•«»)• 

^OUCM«» 

s^ciric «i[AT ••^xc 
>iscesti*<»cisM 

MaBCTl «W«CtB 

lalt •«rtvsirt> 

U»K»*ti#C Ipct ■ I 
mocir«cM/sc»’» 


S^icxf 

nOiC ^ooCtIOs 

sofcxc 

MIC fiterte* 


CO 


<0^ ' 


■ - 

*• 

.•SS«>52 

_!■? 



•■20 


^7 

.10*0*^ 


c 

•02*e«9? 

0*> 

«CMT*C7 


C2 

,2Zi7Jt7 





ii «4 iw»e 


B/Bf fBDt 

U«rt^SCC| 

vtrt/UCi 


7irf& *1 

•eooc 

.IO***» 

• 60CC 

• 1170 >01 

•*;«?*C5 

••UT-CI 

•102 S*9« 

•7115*05 

•I175*CI 

• «7C**C5 


•I077*es 

.*75l*S5 

• 1150'Cl 

•«7*0«C5 

•I25C*00 

.1C71-C5 

.*555*07 

•II5«>0I 

•«517»C5 

.iobt*oc 


••55«*9' 

•tl*l-Cl 

•«357-Gl 

.200!>*CC 

.1017*05 


••1$S>0I 

•*U3.CS 

.2SO;i*DC 

.1015*05 

.tZO**9* 

• tl7B>01 

•*«t**C5 

•?017»0C 

•1017*05 

.I55#*C# 

• UH'Cl 

.**00«07 


•ioct*o« 

.1*71*0* 



.7m*oc 

•I00««05 

.1555*0* 

•I*|5>CI 

•MIO.Cl 

•»10T*00 

.5B«S*C* 

• 1555*0* 

•t«IJ>0l 

•ica»*o* 

.•S01«00 


.l5pT*o* 

. 1*75-01 

•:c5**c* 

>%C0&*00 

.BBCC*Q« 

.l**B*0* 

•7t»2>OI 

• 10 « 0 ^c* 

•)«|T»C8 

•«o*«*o* 

. 1571*0* 

• 7***-CI 

.I3«U0* 

.s%n*cc 

.••7r*e* 

.I5#5*0* 


.uii>e« 

.•25C*CC 

-•T’5-0* 

.l*I**0* 

• 5C5»>C1 

• U7*»0* 

••OO7«00 

.BT7B.0* 

.l*5**D* 

•S3f*>0l 

.ll!!«C* 

•TOII*OP 

.•*»5*C* 

. l•»*•e* 

• 57*7-01 

.1 1*5.C* 

• nK«cc 


.1710-0* 


• 1)<WC* 

•70:T«08 

• «5* l*C* 

.1751*0* 

.•77l>01 

.I1S**0* 



' •1750*0* 

.!3e*-tr~ 


.mc*cs 

.#577*0* 

.17B7*0* 

•503*-ri 

• IC|-1*C* 

.«}«7»cr 

•#X5S*0» 

.)555*0* 

• f 3*fc-n 

.«7|*.C3 

.«s«x*or 

.»«I7*C* 

•lici-c* 

•»77i*ei 

•07**. C 5 

•«$0«*8C 

•»ori*c* 

.1717*0* 

•****-Cl 

.5»»I*C! 


.T75C*0* 

.16*5 *0* 

•*«7#>CI 

.* 1 **»cs 

•00»%«QO 

•«#<5«0* 

•1557*0* 

* .*oci*nn .'7*75*cj 

.002C*00 

•»i#r*D# 

•1*71*0* 

.ooi5>et 

.*20««0* 

.OOb9*00 


•ll«S*8* 

•O07O>6l 

.l0*i*C* 

•ooos-oa 

•57*0*0* 

•0755*05 

•O075-C1 

.I7C1«0* 

.fft0*8S 

•51*7*0* 

.7510*05 

•0077-Cl 


•1000*01 

•7«00*0* 

.♦T75-CS 

•0*70-01 

•|0«0*C* 
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•1«3S««C? 

— “.i'Bwa 

.CCC60 

■■ 

.IUA 1 *C% 



Ii!SC-HREC TR D867400-III 


ORIG^’AL : 

OF PCG.^ 

SAMPLE PROBLEM 2 OUTPUT (Concluded) 

>r (MAftAcfcvtstics cMt »iMe' i«sCO~to<i n.a7~*«ci*6ro TMc^poevv^iiie " 




t0f«4 MCiS<i*C|OSr4 4 

- .1471 

rii 




t«t44 rcr»c04tuOf «•» 

.1442 




.oicetjCM .ftsHr 

- .imi^oi 




- •i*fS4»B> 




fttf O40ttt$«n.rrct4 

• .14442»00 




■ 

M4CM iitftteo rtMl 4461C 

e»t4004 

tOTii c«*«*4ir4 

•OflOM. 



loeci 

irT442/irC442r*F 

•rr4*2/scc**7r 

.00000 


.eoooo 

T}U«S.4.~ ■ 

.7e>iO*6o 


•00000 

.41107*01 

• 11«4a*o1 

• 2 l 0 tt 0 * 0 r 

•24744*04 

• *0444 .CO 


.eoooo 

• 4S000*OI 

“ ^.24419404' 

'•70440*60 

.utn«eo 

•i«o«r»ea 

.00000 

.00000 

•«90*1*01 

*~.4900«*0I 

• 19441.01 
•44447*M| 

•24407*04 

• 2'4447*00 

•7a444*ei 

— ^.Tim^oo 


•OOOoo 

.00000 

.49««9«0t 
^.49710*01 ■ 

•17T44.ei .2404$*"4 

~.477n*ei ;;oiTr*OT — 

• 70410*04 
.TflW9*0i"“ 

«{Oior*oo 

•OOOOO 

•42914*01 

.74411*41 

.24121*04 

.76141*94 


.00 090 
.QOM 

.42tvO*OI 

•410)**0l .}40t4*c4 

■ ~.7C442*C0 

.SPS30«00 

.4|«|1*q^ 

•4^gS2*0l 

. 24414*0* 

.70704*64 

•«l4»P*gO 

.90000 

•4C400.ai 

.4724|oCl 


.70744*60 


•eoooo 

•«00S7*9t 

•t4tl4^CI 

•2’^47T*C4 

.70*01*00 

•^3000*C0 

.90000 

.S«S99*3t 

.414 ?.ej 

.?714|.C4 

• 7C004*l*f 

•%«lOf«00 

•roooo 

•Si74«*ai 

.47*4«.c: 

•24ltl*C4 

.71024*34 

.StIlI.wQ 

.eoooo 

.l0l«l*01 

.40411*31 

“ .21471*64 

".71104*64* ■ 

.«2i:e*oo 

.00009 

• It* 14*01 

,4j7,**C| 

.2)4)4*04 

.7C44«*r4 

••4**’*00 

•00039 

•S7»2t*0t 

.n*4)*ei 


.76794*34 

• t3«n*QO 

•03C99 

•1?203*CI 

•4f *41*P1 

•23314*fi4 

• 7C1| 1*64 

.M 000*00 

•OOOOO 

.14440*01 

.I0C74.;2 

-17*71.^4 

.70174*34 

.r«uf«oo 

•OQCOO 

. 14442 *Ct 

.10241*3: 

•I17»3*G4 

. 44211*34 

.•S]1S«M 

•OOOOO 

•144 14*31 

•ic'j7 c: 

.44)»r*01 

.44616*64 

•«rS30*co 

•Qc:oo 

.17411.31 

.I34|«.t2 

.40|42*32 

.49714*64 

. 01447*00 

.CCM9 

• 14244*01 

•.i*4).c: 

-.I3147*C4 

.42424*34 

.•sois*oo 

.eoooo 

••Ox *4*31 

•I204**C2 

». 24444*04 

.14 711*64 

«45««1*00 

•03900 

••41*2*01 

.liC7**32 

-.7|142*3* 

.••404 *C4 

•«4«07*00 

•00009 

• •C44t*Cl 

.12)29*32 

41741.04 

• *S4U*64 

•4«I4^*C0 

•OQOQ9 

• m72*ei 

•I24i4*:2 

••}1*C2*C4 

.4C404*c4 

.«4l«4«M 

•03309 

•94744*01 

.X2*le*32 

-.177*4*64 

.14114*64 

••«440*00 

•OOOOO 

.14417*01 

•11311*92 

•S4«41*e2 

•S»441»C4 

••4411.00 
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8.3 SAMPLE PROBLEM 3 - SPACE SHUTTLE MAIN ENGINE 


The Space Shuttle oiain eogine is a throttelable pump fed hydrogen/ 
oxygen systeo which produces on the order of 470,000 lb thrust and has the 
following characteristics: 


Throat Radius 
Area Ratio 
Chaaber Pressure 
Propellant 
Fuel 

Oxidizer 
0/F Ratio 


0.429475 ft 
77.5 

Variable 


h 

0 


2 

2 


6.1 


This sample problem analyzes the nozzle flow field starting from the throat 
assuming a sonic start line. The chemistry is assumed to be equilibrium 
throughout the nozzle. The TRAN72 input data are shown in Sample Case 1 of 
Section 4 of this report except that the second total pressure was 5.4 
instead of 30. This difference in the TRAN72 data only slightly changes the 
pitot pressure calculation. For constant 0/F or total enthalpy the second 
total pressure table is not used for any of the other calculations. 

The nozzle geometry is specified using the point specification option 
of inputting the solid boundaries. The method of determination of the point 
input Is the same as was used to set up sample cases 8.1 and 8.2. The 
remainder of the input data is very straightforward since only the nozzle is 
calculated, and neither a boundary layer nor plume restart was performed. 

In the event that a boundary layer solution is desired. Ref. 4 contains 
a sample case which specifies the SSME nozzle wall temperature distribution 
required for a boundary layer calculation. The boundary layer for the SSME 
is fairly small compared to exit radius and probably would not slgnlfically 
affect the plume for the low altitude operating regime of the engine. 
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SAMPLE PROBLEM 3 INPUT DATA 
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SAMPLE PROBLEM 3 OUTPUT (Cont'd) 
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SAMPLE PROBLEM 3 OUTPUT (Concluded) 
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8.4 SAMPLE PROBLEM 4 - SPACE SHUTTLE HIGH PERFORMANCE MOTOR (HPM) 


The two Space Shuttle High Performance Motors (HPMs) provide approxi- 
mately 3 million pounds of thrust each to the Space Shuttle vehicle during 
its initial ascent. The HPMs are solid rocket motors which burn an alum- 
inized solid propellant. The HPM motor has the following characteristics: 


Throat Radius 
Area Ratio 
Propellant 
Chamber Pressure 
Nozzle Contour 


2.244167 ft 
7.72 

See case 4 of Section 4 
See Fig. 8-8 
See Table 8-3 


The geometry for the nozzle contour was generated from the tabulated contour 
points (Table 8-3) in the same manner as the RCS and vernier engines. The 
upstream and downstream throat radii of curvature were determined from the 
tabulated contour to be 1.13 and 0.5 throat radii, respectively. The inlet 
angle was chosen to be 42 deg based on the contour and the nozzle attach 
angle was 24.6 deg. These data were required as input for the transonic 
module . 


The equilibrium/f rozen chemistry used to perform the calculation is 
shown in Sample Case 4 of Section 4. 

The two-phase data for this case were obtained from the recommended 
data of Section 7 of this report. The mean particle size was based on the 
correlation with throat size and the distribution of size was based on a six 
particle normal type distribution. The particle equation of state was the 
ideal gas approximation for AI 2 O 2 . 

This particular case solved the nozzle flow field only and generated 
exit plane inviscld start lines for the SPF code and a RAMP2F restart. This 
case could be restarted at the exit plane with the RAMP2F start line so that 
a plume could be calculated. 
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Table 8-3 SPACE SHUTTLE HIGH PERFORMANCE MOTOR (HPM) 
NOZZLE COORDINATES 


Inlet 


Exit 


X (in.) 

Y (in.) 

X 

Y 

-24.598 

42.700 

0.561 

28.942 

-24.498 

42.000 

1.122 

26.977 

-24.181 

41.050 

1.683 

27.036 

-23.700 

39.930 

2.244 

27.118 

-22.550 

37.850 

2.804 

27.225 

-21.850 

36.750 

3.365 

27.357 

-20.888 

35.424 

3.926 

27.515 

-19.350 

33.820 

4.487 

27.699 

-18.400 

33.036 

5.048 

27.911 

-17.317 

32.269 

5.609 

28.153 

-16.000 

31.470 

11.129 

30.680 

-15.000 

30.955 

15.270 

32.576 

-14.000 

30.490 

19.410 

31.472 

-13.000 

30.064 

22.521 

35.887 

-12.000 

29.670 

26.518 

37.666 

-11.000 

29.310 

31.135 

39.661 

-10.000 

28.975 

36.270 

41.803 

-9.000 

28.625 

41.865 

44.046 

-8.000 

28.300 

51.027 

47.528 

-7.000 

28.000 

61.027 

51.076 

-6.000 

27.700 

71.794 

54.630 

-5.000 

27.400 

83.278 

58.142 

-4.000 

27.290 

95.439 

61.579 

-3.000 

27.145 

103.907 

63.814 

-2.000 

27.035 

112.654 

65.997 

-1.000 

26.960 

121.677 

68.123 

0.000 

26.930 Throat 

130.970 

70.185 



135.716 

71.192 



140.526 

72.181 



143.695 

72.822 



145.403 

73.152 



150.342 

74.105 



154.153 

74.820 
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SAMPLE PROBLEM 4 INPUT DATA 


SPACL ‘^MOTTL *-'■ 


■ ir 


A '•'UAL 


2.24^1fe6f 7 


» • 


2 1 -1 

). 

. 5 

2, 24 4 7 ’7b 

1 . 

• ? ■ • 1 C 1 -• 

c • 

2 •'.;,• ■ 

>- . 

. 7,;o7247 

2,246 " 

4 , ■ 

. : X 7? f - L -- 

c. • 

2 •: • ' ■ i •••. .• 

* , a 

. I ' ^ 1 L 3 4 3 

2.255 ' «f 7 

S. ' 

.r-*., 4 7 7^ 

c • 

^ 4 : 2 ; 7 . 

1 k • 

.2 7 324,42r 

2. 26b6>P6,7 

12. 



' ■ 7 7 i. - 7 ‘ 

1 4 . 

, 7 ■ . n p c p t' 

2. 2A76 ’42 

16. . • 

74: ‘ » 

c • 

'i 1'.. r t 

^ f‘ * 

.'*»-? 7 75 4, 

2.311 f.3f 

2 ' 

. 4 : 3 3 " - 7 


5 2- ■ 7 2 ■' 

^2, ■ 

.45674242 

2. 341 1 75f 

24. 1 

.4r.71 I?-; 

: ^ 

3 4/, ■! ,•• 

24 . r 

1 . A 3 7 1 5 

2 . 4P 1 6 2A 

24 ,b 

1.7,'* '■ 

r • 

'» " ■ , 

24.4 24 

l.t- “! 17' 

',nouqep7 

2 4.2 7b'- 

2. 1-^.7 Z 

7 

7 r 

4 , 14. , 

2.274f 

7.1466 

2’ .’12 7 

2 • 1 1 f) ^ 


2 2 7 b ' 3 3 

23. ’■7<-?. 

r.fc 1 '17b 

7.7122417 

27 . 4 

2 . ' 1 4 3 3 3 ? 

t 

7'''’- 2b 

2;/ .-47 

3. 7Pf 7 

.’.4''.i1-«77 

? 2 . 2 '^?b 

3.:‘--^f 147 

: , 

4 ' 2 4: ■: 

2 1 . 7 

7 ,.r, jr,7.:. 

5. ''•7b4''p7 

21 .470 

2.74/1-17 

» 

7 7 1 • ‘ 3 

: 1 . :. 1 7 

4 . ■ : 1 1 < 7 

7»‘'6P3®17 

”) ' . p ~ 9 

4 .26 2 > 4 17 

T 

= 7 4 1 7 

i t. • i 7 r 4 

4 . ' " : 7 = •• 

4, •f3fni7 

l=.’4=b 

4 . ' 4 1 7 

^ • 

1 *'■ ; Lt 7 

1° . ! 

t . ^ 7 U 3 » 

4,2b f]f7 

1 ,°'^6 7 


4. , 

7 t j - 1 , 

1 b . 4 7 J : 

4537 ’ 

4,4577337 

1 B . ' 4 P 2 

5.'/t-f-4 «3 

H • 

C . c 

17.^ '74 

f . ?. ■ 1 fc ( b 7 

4,6b7.P|p7 

17.2-9'5 

fc . 4 : , 1 3 3 

i. , 

7 i ] 1 ‘ 3 2 

1 b . 7 ‘ b - 

lilt d 7 

4 , R67'"417 

16 . 7“4 

7.'-7L''- <■ 3 

A • 

c ^ 

lb.' 7b:r 

7.617:2." 

. '7- 25P7 

! = . 5 ’ ’ ? 

L • 3 r f* c. ^ 7 

( 

: : 7 ■] 7 

14, 7 7 ‘4 2 

f. , 4 C --C7 4 

••■ . 3 1 T- 

2 * . T c p e 

L- . 1 1 1 1 7 

c. 

4 1 

? 4 . 3 • 

7 *- 6 2L 

^ . 5 : ' Of 6,7 

17.6222 

'• .7tl 

5 , 

4 ' ' ' b 

13.2451 

r ,179773 

5.b77f°17 

12.P7T3 

It .';.2 7 ' t- T 

5 , 

7 f 4 1 . ' 7 

12.': f."* 

1 . 1 ?■:= 

",r45,7 

12.1434 

11 .3' 7417 

r, 

32 '-f T ' 

1 1 . 7 b 5 4 

11 ,7!'7ni 7 

f . : 1 5 n f 7 

n .4726 

1 1 74bf 3 

^ • 

. f.r ::l 

11.2 24 

12,1 If °1 7 

b. ;°f 

11.1 

1 2 . L 2 f f 

b. 

1 7b 416 7 

1 J . 7 4 

1 12,2-4 6 ?? 

b.235 

12,4 = 

2 1 H . 





1 1 " . 







1 



ORiGUMAL PAGE^ 
OF POOR QUAUTT 



LOCKHEED-HUNTSVILLE RESEARCH & ENGINEERING CENTER 


CO 

I 


'vj 


SAMPLE PROBLEM INPUT DATA (Concluded) 
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SAMPLE PROBLEM 4 OUTPUT 
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SAMPLE PROBLEM 4 OUTPUT (Cont'd) 
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SAMPLE PROBLEM 4 OUTPUT (Cont’d) 
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SAMPI.K PROBLEM 4 (jUTPUT (Cont'd) 
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SAMPLE PROBLEM 4 OUTPUT (Concluded) 
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8.5 SAMPLE PROBLEM 5 - SECOND STAGE lUS MOTOR 


The second stage Interim Upper Stage (lUS) motor is used as part of the 
vehicle which propels payloads from a low earth orbit to a geosynchronous 
orbit. The second stage motor Is a solid propellant motor producing an 
average of 17,300 Ibf of thrust. The nozzle is contoured with an area ratio 
of 49.3:1 without the extendable section and 181.1:1 with the extension. 

The area ratio of 49.3:1 geometry was used for this demonstration case. A 
summary of the characteristics of the motor is: 


Tnroat Radius 
Area Ratio 
Propellant 


.17529 ft 

49.3:1 

HTPB:AP:A1 


Chamber Pressure 


800 (chosen to correspond 
to chamber pressure two-thirds 
the way through burn) 


Nozzle Contour 


2 Circular Arcs. 


The potential uses of the lUS plume are for payload contamination, 
radiation heating environments, and potential particulate impingement on the 
Space Shuttle vehicle during depIo 3 rment. For these reasons, the boundary 
layer option was selected so that the plume backflow region could be 
calculated. 

The lUS nozzle geometry was represented with two circular arcs. The 
throat region is represented with a circular arc that had a radius of 
.3505833 ft and an origin of x =• 0, r = .525875 ft. The throat region is 
applied out to a flow angle of 26.25 deg. Attached to the throat Is another 
circular arc whose radius is 17.28712174 ft and whose origin is at x = 
7.79824555 ft, r = -15.2943622 ft. The nozzle exit is at x = 2.7240833 ft 
at a flow angle of 17.069 deg. 
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The inlet angle to the throat is chosen to be 30 deg and the upstream 
and downstream radii of curvature is taken to be 2 throat radii. The 
limiting nozzle angle for the transonic region was taken to be 20 deg. It 
should have been 26.25 deg but has no effect on the transonic solution as 
long as the transonic calculation can locate the nozzle wall Mach number for 
the startline before the flow expands to 20 deg. 

The equilibrium/frozen chemistry option was selected for this case, 
the chemistry was frozen at a chamber/local pressure ratio of 3. Solid 
motors of this type typically freeze the dominant species at relatively low 
pressure ratios. A listing of the input data for the IDS TRAN72 calculation 
follows this discussion. 

The ideal approximation of the Al20^ equation of state was taken 
from Section 7. 1.3.4. The particle size and distributions were taken from 
Ref. 36. 

The nozzle boundary layer solution was generated assuming a wail steady 
state energy balance with the built in heat of fusion for typical solid 
motor wall materials. 

This particular case predicts that the 1.13 micron radius particles 
penetrate the boundary layer. A summary of the particle properties in the 
boundary layer is contained In the sample printout for this case. Addi- 
tionally, the free molecular option was selected for this case. The char- 
acteristic length used in determining the Knudsen number was the exit radius 
(1.2314 ft) of the motor. 
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SAMPLE PROBLEM 5 TRAN72 INPUT DATA 
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OPI 7 
OPI 7 
OPI 7 
Of' I 7 
O**! 7 
OPI 7 
OPI 7 
OPI 7 
OMl 7 
OPI 7 
OPI 7 
OPI T 



<4 . 


(' .J- . I 

r 


r, <*. 

CL 1 . 

f ; |''<M 

AL ( M 

H : 0 ( L ) 

.• L 4 1 ) 

i ( ' ) 

A^H‘' J 

r. A ( L > 

AC L (L ) 

K < D 

K c 1 . ( r ) 

-< ( L ) 

K C L < 1. ) 

Al P 

A L' t. 

Al f LC* 

ALCLr- 

ALC ■» 

ALC'CL 

ALOV-- 

ALf^: 

AL : CL« 

A L • 

AL 2Cu * 

ALL 

r ‘ 

r ft 

c- 

f-2- 

chi>n 

0 3' 

r ' 

T2- 

r 

r h, 

» ' T 

‘'2' 

y : crn? 

!. A ; r ; 4'.' 

CCL 

r H 

c:h2 

r,2Hf 

h-'C 

MNf ? 

KC 

NOCL 

CCL2 

cocL :• 

H'jr? 

K2 

r ft 



. . : 2 ft 


, . ' F. 

-1^77 ' . ■ r 2cp.it 

■ . . 1 6' 

“3 Ilf ^ 

. .f 7‘^ft! 

-7 ' 7. . 1 ' 

. . 1 ■■ :> 

c 2‘-f .1' 

M r L M r 

) AL f (? ) 

A L r l. 7 u 

) 

* A r t { «^ ) 

PA?C<c> 

^ A r F < L ) 

LA2C< 1 > 

ft PH ( f ) 

KT 0(0 ) 

K n ( L » 

r? 

A L f i. 

ALFLr 

i l C L : 

Al P 

A L ^ 

Al CHft- 

A L c ; - 

AL r?H 

AL?I ft 

AL 202 

t.L ft 

v;- 

r e 

r * 


- 

1 . c ? - 

04 

ACC ft 

C-2 

f 7 

M.*' 2 

rcL 

rc Lft 

• A 2 

MA 2CL 2 

r ? 4- ft 

C2H 

r.rr.: 

cr c 

HC L 

H2C2 

NCO 

TL 20 

rici r 

CLC2 

NCirt 

N2P4 


F 

F 

F 

F 

F 


o o 

O 

O -r. 

r" 


f ■ ' I » 

r i ■ 

r I ■ 


LMSC-HREC TR D867400-III 



LOCKHEEI>-HUNTSVILLE RESEARCH & ENGINEERING CENTER 


SAMPLE PROBLEM 5 INPUT DATA (Concluded) 


00 

00 


NAMCl rSTS 
JINPT 2 

RK 7 = T»PSIA=T«P = J i C. ; i/ » IC.i'u 
P(/CTF = T»F APTHT = T* 

NGi = lo«rooTP=-'=<r. 
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Card 


SAMPLE PROBLEM 5 INPUT DATA 
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SAMPLE PROBLEM 5 OUTPUT 
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. - 

■ ^ 

J 

« 

.7NtTA_ 

S 

NACH ANGLC SMOCA AhGLr 

li-tOlAi 

.00000 

• i7*n*oo 

•IOSA«*OI 

.obono 


.7o'OAO*o7 

•omioe 

•3P3*9*0* 

... •ttmzot. 

^♦I72.»l*00. 

•IQSUtQl. . 

.*>nP?l*00 

•«90*5*0} 

_*7I93|*07 

.00000 

.SQl5i*0A 

• lAtM.gl 

. I710A*00 

•iosos*ot 

•IP* ♦•*01 

.«A7AS*o« 

■T7|9T«07 

.00000 

.10I«5*0A 

. . - •2BAI2.>01.. 

_#Ut*fc*00. 


•lAlB*«01 

• «H10*03 

•77957*07 

•OOqoO 

•JC39««0A 

.mo*>oi 

.lltAft.OO 

•in*A7*0l 

.77300*01 

.*A«0i*01 

.77*79*07 

•00000 

.10S9**08 

•ABMBrOI .11077*00 .I0&0^*0l ... 

_*2WUttl„ 

t*l7*2*u; 

_*772^j*jli 

fflJM300__ 

tl0j9S*.Q#. 


.tl%SS*00 

• lftS»*OI 

• SM|7*0I 

••♦077 *01 

.71999*07 

•OOQOO 

•10]*9*0A 

_ . •ASOPO>01 _ 

_»II7»I*00 

__*103J0*.QI. . 

• *3737*01 

•*9«7J«o1 

.708*9*07 

.•00000 

.S03«B*08 

•»S0lt>0l 

• III IS *00 

»lo*sr*oi 

•SI0*«*0t 

•50093*0t 

.9977>«07 

•ooooc 

.S0339«0« 

•tom-oi.. 

• 10^72*00 

_ *107*9*01. 

.59375*01 

•50901*03 

•9B*0S*07 

•00000 

•J03t«*08 

.•)?T2>0I 

»IOAIo*00 

•IOBA«*OI 

.♦A07S*0I 

•St9||.0t 

,9f9P*«07 

•09000 

•J07*l*0A 

.^lail&tiio .10A«A*Dfi 

.llnn 1 *At 

. •IA9*3,*Q1, 

•S31A9 »0| 

,fcS4>A*0> 

—•OOOOO . 

• 3fiPAA*IIB 

•II2SS*00 

»|0«PS*00 

•nu»*Qt 

•80179*01 

.S*9?0*01* 

~.9ISS* *0? 

•00000 

.Sol 79*0* 

. . - . . . •I21BO*00— 

...^40322*00 

vlIH2*0l_ 

•*SS|S*P1 

•56)97<o1 

..9I9S**02 

•OOOOO 

•}0|AS*OA 

• 11170*00 

•ID|A|*on 

•||SAB*OI 

•I0«AG*07 

• *M 3* *01 

•5*9**«07 

•OOOOO 

•JOl37*OA 

%HRfR*RO. 

. *mRt*oi 

. .*11153*01 

•31*31*07 

•ooiiO*os 

•57577*07 

•OOOOO 

• 30019*08 

.H2lt*00 

•PttAi.oi 

• l77U»Ot 

•17*07*07 

•9«2*9*UI 

.5*9*9*07 

•OOOOO 

•79*«9*0A 


*111*1*07 

. ,097*9*01 

•53757*07 

•OOOOO 

.7***l*0| 

.|T|S|«00 

.•Afr»A-OI 

•17*A0*01 

.1*1*1*07 

•71577*03 

.503*3*07 

. OOOOO 

•7987A •O* 

.ItOlfOO 

.♦Sap* -01 

• l»*0*01 

•l*9|9*07 

•79571*03 

•«ABO«*o7 

.00000 

.7*7*9*CA 

•I97S«*D0 

.♦iBri'-ui 

.ll?M*oi 

• ri97*07 

•79797*01 

••9559*0? 

.00000 

.7*9*7«0A 


PABTirvr vtioi ii«rr ppop(omis 


^-.rflJLNt sncit _ 

. . M 

9 

P3| 



1 

. 1_ , 

1 

. 

7 



1 

. .2, . 

3 

.3 

3 

»909A7*O* 

• 35L19l*0* 
•30**8*0* 

• •07*7*^*... 
.|•995•0♦ 
•lOJOltP* 

.00000 

•OOOQo 

. OOOOO 

. •295«a*0l 

•5*7*9.q0 

••8970**00 

.oopoo 

•DOPPO 

.oouon 

.95U79-0I 

.19719*01 

•579|0*0A 

•58;99.0* 

•58899.QA 

•5T959*q8 

.58310*08 

.99083-0I 
.IC«07-Q2 
. 19795.07 
.09333-03 
. 109*7-07 

J 

1 

•«09»O*o« 

•|OAP5*07 

.79ni-07 

.579*8*n« 

•990A5-03 

i 

2 

•I99»5*Q* 

.7 3791*01 

.99919-03 

.5t)39«08 

.10571.07 



■ lOlr**G« 

••)*S79*0t 

-.17170-07 

•S895S*UA 

• |9V*9-fl7 


1 . 

• *0571*0« _ 

..75212*0? 

.971*1-07 

>57708*08 

.99995-01 


• 

• 3*179*0* 

•538*0*01 

.|55t*-07 

•58359*UA 

.10*51-07 

- - ♦ 

3 

.30091*0* 

■•8»7I5*0| 

-.7RI5I-07 



5 

1 

•«0S37*0* 

.9A7*5*07 

.11971-01 

•5r7| }«08 



> 7. - _ . 

. 3**A0«O* 

.98939*01 

.78579-0? 

•58191*0* 

•105*8-07 



.300««*09 

-.1*559*07 

-.5trf*-C7 

.58977.08 

.1*919.07 

6 

1 

.•nv*«*09 

.»99| «»07 

.|A«rS-At 

.5770)*OA 

.9*087.03 
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OF POOR QUALITY 

LMSC-HRBC TR 0867400>I1I 
SAMPLE PROBLEM 5 OUTPUT (Cont‘d) 


tMHUMifC um I 




•AS«M»uctc riOtt seittttMi 

upt NO*. 0 


ictdiio iitff itti «oi4Lf /rtufir di.dOQ piu 

iiiis tAtau.^uiC-*-tcfciaii.. . . ..j . 

mcm 

UP, - 

•••tiac •Aft 

^ $p|c IC*(a«l^,0UStl£U9fi 


01 nil I* 

»• .. 


HMdttAfURr 


...iOiMri 
6k% C004I. 


mu 


0 0. 


AaOtfrir oAiA 

_ 1 . 


.T0»«0*0? .9?0|0*0I 

^OQlAjUOa .OUAF^OJ «*«S|0»0X« 


iOlHHAV 


OlLAUIt 

iOfAl ftAKUB 


OCHillT 

UIA _ 
IPOTS*OI 





••lOlAk 
IMOCR *«Mf 


tconAAvuit . 



.ioWtoi 




.»7U?*07 

,*otytto» 


•JS<SS*OS 


*S2lt7’>«7 


. 1... 

I 


^Wif 




• 72M«**«0 


•sosj*«eo 

- 


•AO«AS»ci 

.IOASl-07 

.lOWtani ■ 


. ^s»ss**o«.. 

.SdSPO«04 

>sfniP*o»- 


• tN»U1 • COMF1* 




•?0|S}-OI 

•fcOFo;*o« 


• iiMd*oo .looit^oi 

.4OUSS*0X ...^XSO’OP 
•d7«lT«01 


•••A|0*OS 
^•2A«|2*0« . 


•12069*01 


.i • 

I * 


»*OST|«*0* 

. .Mt2U-*n- 
•)no«2«*o6 


•)560«*oo 

^NOO««.Di. 


•22«22*Oq 

•«i6ST*no 


•9T?00*M 

•$om*oo. 

• 4R*66«p|l 


•69*A5.qJ 

•10992-02 


•99996*0* 

•962*0*0* 

•6T09*«P* 


.A MiPlIt - cnOlilM 


0*6Ttrir 06t« 
1 9 




•92*76*02 •2SS2*«09 .222*1-02 •992?6*0* .?6*I2*U* .12069*01 

•60102*09 •62*90*01 .966*6*01 


•69990*00 


9Ma*P9fft.If rtn^ 


tfU9 nvIM 


669-0669 ICtC 2109 90109106 
M0« 0 


266L . U 


ttatf »fttiit_ ftcgpip - PtctMr 


066f|CiC 0696 

- 12UXL.f01flU.JlLS£l»m« 


N6C6 6601C 
Fff* 


66199061 
.60* 


0109199 
9* 


9(661661061 




669 C6099* 10161 66666 9N0t* 6NCIC 


^ OCOUU 


,6,-Jttllt . * gQIlUII 


6669ICU 0696 

2 *“ 

1. !t- 


•92212*02 

^Q1JIL*IIX. 


ukUM«P2. 


•12t9*-02 
•.90t61*0l - 


.•*Q550t*0«_ 

•2*6996*09 

-^00691*01 


• 10909*01.. 

•26*92*00 

jUfl^.2*M. 


•62090*01 

•22169*00 

*J9Ji9*S9^ 


•9?ro2*oo. 

•96292*06 

^W>9-*06, 


. 9(66(66 906L 


•9600.2-02 . 

•10916-02 

•1* 992-02 


.,S99T2*0*_ 

•96Sf9*0* 

■99099*09 


9 I66U9 - C069I6 


-piMiauflifjL. 


•96261-Ot 

.♦_9I66.6*02 

•60999*09 


.10929*01 
..12092-02 
• *6096«q2 


•29612*01 

.99220*0* 


•96021*02 
• 26610*09.. 


• I209|*0I . 


.•06291*0* 
•299206*01. . 
• 200629*09 


.19966*01 

^291l6*0iL. 

•9l666*P0 


••6296-01 

•22U6*08 

• 26H6*00 


•99696*06 

*96222*09. 

•96696*01 


•66909.01 

•10*96-02 

.l**99*02 


■«^9«»*0* 

•96212*0* 

•990)«»0* 




-*****-*« 


66fff|eU 0696 

- . . I 9 

- X ■ ■ 


• 906*6*02 
.•6096I*A*._ 


aXUU^jQO.^ 


• 12909*09 
•.62161*02 


..*iaM6iQ2. 

•11020-02 

•*6990*02 


^12221-lOL, ^^,^62411*01^, 
•9*196 »0* .26609*09 


. ^666^*09 JQ1»6*06 Q. 

.19091*09 


.66201-09 •99*66*09 

.IC992-62 .9629(»*0» 

• l62Urtt2 t966*r.09_ 


6 19009 - COttTlW 



.99019-01 

.fc.6in*_a2, 

.6n?96*09 


.11199*00 
j22!UJ*o2 . 
.616*6*09 


.10699*01 

•H929-02.. 

.90102*02 


•9|ft*6*0l 

.99099*D9 


.90069*09 

•26606*09 


•*90T6*09 
• 12096*O|. 


••06612*0* 

_O6?i23*09_ 

..9017*6*0* 


•10060*nl 

.J..99616*P0.,_ 

•.11917*01 


♦*9296-01 

•2mi*eo 

.99229*00 


,99996*06 

•26r*6*06 

•96662*06 


•69966-02 •99*29*0* 

• I026pr02 •26211*0* 

•1*129-02 •i6*96«0* 


to.. litfiJi 


■iiwa-fli 


pietfcir 0691 
I 10 


.66*69*02 
..•A0l*Z*P6 


■Aflm*W 


.21*90*09 

a6I.666*09 


•Illl*6*p| 


•I1I26-02 

•91092*02 


•Afl79*0l 


•S*«^6*0« 


*tP?0l*BA.. . .*2626*0 * _ •I02i»«06 0 

•2666* *0* •l2D6n*n| 


■o*oi 

•66 *06-02 
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LMSC-HREC TR D8b7400-III 


I'RObi.km ‘j outpiit (Coni ’d) 

I 40 k- iMt- tAUMLlO^IMIIIIlVlikC HUttlPU^OCM CanfuLLR- Aft 
r.«^.PA»|ICH MOM ^OlHflON 
C«(r MO. 0 


(rroND itACJ tu& Momtiriuitt rc:.oi)o mi 

lilll.. A«iftt - .OfttAlA- 


« Jt&lHL ^ . 

H*CH *Nr-ir 

. to* 


pors^u*i 

A0» 


ocptuu o«u 
iPCCU fOlMt 


QL^CUAflOfl . 

li. .mp4it ~ *-40111 ta >■ 


U0010*00 

• .l|ST.*»0y 


Mipvirir otf« 

1 u 

II 


. -II - 
l»l MMIf 

$• 


*l004M«Di 

.loo»n*o7 

•S2I10*DS 


tiNrraiflitt 




(.ftJtftPI.. 

G«S COMS1. 


.tlSUl^OM -»«StJS*0l 

.IIOtMAOl 

«jaii>M*OM rUjUA»ai 


•tD?«2*00 .»f«l6*00 

• 2S70l*O'j .SII71«0i 

-«ik2ftt jO •SB7a2.«flO_ 


vuoun 

loroi ftoPM* 


OCMSltV 


Mioco •«r*ir 


Unriootvoi 





•«4tsua% «J02«i*oft _ o. 

•i7o*s«ei 


.45027-01 .55215*04 

.'4P4»*0% 

..usu^iu 


1 ir IMPV» • COM7|M 

.19315-09 

.19445-00 

•IIOOS-OI .74*43-01 

•511*4*0) 

.44377-04 

.39741-04 


•45)40-02 

•49707-04 

•mor-os 

.4r954-01 

• K052-07 .5* 54-0* 

.55451-03 

•26I67*0* 

•t?0*i«01 


1 1.* 

.4)4553*04 

.50*74-01 

.t07?4*90 

.5750**01 

.64409-P3 

•S5II0-04 

i 17 - 

.7S*07l*Dft 

. •1J1J4-Q1 

^ .. «760S4-00 

•St05«*0t 

.«74lJ-Oi 

.« *447-0* 

1 17 

•3P447S-04 

-.11574*01 

•37405-90 

.547|O.Q« 

.i3ri«-o? 

.• »*4*P* 


. n -iijvx»nn ..tUftft^Q 

•4)*S«*07 .7M«0*OI .54«^0«0* 

.40475*04 ..4Q442*03. ..550«5*03 


1 li 
7 11 

1. il 

— 

_.*2279i»0* 

.3547*7*04 

. insfcqi *nn 

...5*443-01 
.15301-91 
-..1 1104* 01. 

.11275-00 .57)79*04 

.77Pi5-no .574S1-0* 

.4)74*-P3 

.*5*15-91 

.*12015*02. 

•5**5 7*0* 

.554* 3*0* 
.Kfc^lM*DM 








1 |4 INPUT 

- COMTIM 

.171*0-00 
«41*54»02. 
• 4014 5-0* 

.)0S73-U9 
.2lftB0-03 . 

.5*41 4-03 

11)47-01 .*5513*01 .54)87*0) 
78559-07 •5«20**0« .IteSO-O* 
570*7*0) 

.47717*0* 

.12104*01 

•39|45*P4 1 

1 14 

i. I*. 

1 |4 

- - — 

.•7745**0* 

.35e*so*o* 

.39 7*?7-P* 

•47«45«ol 
.17512*01 
-.1 jr*4-oi 

.11749.00 .57075-04 
•7413**00 ,..574)7*C4 
.«0«I1-00 .54K57-04 

.47507-r3 

.«7P*4«0I 

.li'54-P7 

.5#7T4*«*4 

.55701*04 

.54579*04 


- riHiltlt 

.1 tt>*«nn 


.11548*91 .10444*0? .544S4*lil 

-•«U5Q*Qa 




.5*45*. 07 

.77404-01 

..5*163-03 

774*5-07 .534.-4-04 .7*>*5*.u* 

>5*527-0) 

• i?n5*oi 


P7»trci7 oifi 
1 |5 




.ir-ni-nu 

...liOP.nj 

t7-P« 


lOC4Mtlo-*iviij*jlir_ituVtlPl5 SMOrii c <»WAU H 0 _0006P 4»L. 
OI5'f**4t‘utC r\OM SOIo'flON 
_c»>t MO. . _ 0 


jjf c OMp_js »icr_iu5 _«0{^r / aiuhe _p.c; poo psu 


Lint Pftim PtCMip *__a4fttiit 1 I B iHLli UtieOEl,. 

M4CM mr.tr *«rs%iioc ocNsifv tcwprvituor g«5 consi. 

to* _ 5* 

paoTiCLi n*ti 

SPitrt PoiMi ni^coiAfio« » __ imii* _o •• rMiMUPt 


ttL OCltf M-f0!4i UL 

|Or«l r. 4 PM« SMOCK *M 4 ir 


orMSltv 


IfMPf P«tUPf 


I 14 I M^U T - COMtIM 


n'iT* 

1 14 

i 14 

5 14 H*«M stf Mit Mt 


,i*n* »>pfl 

.5?c??*o? 
.6PS40*D* 

.*34444-04 
.!4V«74*04 
.3l?? 44«n> 


aOMJJ-OI . 1 145S«0I .^04«0?01 

,2444t*pJ .?45|l«^‘* .S3S40-04 .71444-0* 

.503AS.O3, .47544-OS. 

.t*4S?-ni .13314-00 •544*7-04 

.7I?4|-0| .30471-90 .5T5I0-04 

•. t4K*T-0l _,*3»47-00 .SilU-o i 


.44504 iC^ 

."|7|.“V-P1 


,54550>0S 
••Tl 34«OS 

•J t 740^07 


_._t00t4_-04 0 


.54374-P* 

•55*44-n* 

.5474**04 


i* If INPUf^ "* C4Mtt« '.i57tr«oo' " .97443-01 .i;7i4«01 .17507-07 .447^4-03 .50915-04 .74449-0* 

_ .5*4*4-07 _ .7**7>-o3 .75105-07 .53174.0* .74874.0* .17141-01 

.40445-04 .4T094-01 .44467-01 

PiOTIC tC rol l 

I 1 ? .4*114^-04 .96454-nT .14*14*90 .54155-04 .'51544.03 .5344«-b4‘ 

7- . II JJ.M724-0*. _ ,?7434-01_ . ..SZ^IS^QM. . .57784-04 . ..43157-03 .55043-04 


1 14 iM^Uf' (9MUM .I544|rbe~ ' .4^740-01 *17474-01 .|3|1|*07 .44744-03 .51754-04 .7444|«9* fi 

^►>.>2^7*0? »?^*M1*0J . .57747-04 _.740t7-0*_ . .-17|<|-0I _ _ 

• 40**4-04 .5Mf7-03 .7n347»03 

440M«lf 0974 

1 14 ’ **54)37-0* '.M505-03 .15741-90 .541*4-04 «54l47-o2 •«3744«0* 


...I 14 iHPitf - C9MIIM -lUtl^DQ .4*0*4-01 •17900*01 - ...14141*Q7 

.50343.07 .7Wnf.OS .?M*7-07 .5?|?3*0* .I4T:*>0* 

.493*4-04 .54)49-01 .77*11*03 

P94»rClf 94“U 

57?tl»9tIMi;. .*4441.15-0* .44445 01 . .. ..|473f-90 .557*4.98. 


. .515I4-Q4 
.17177-01 

53*41-9; 


.74474-04 0 


.537r»*9* 


I 7q - CPMflM .ifP|7»00 

.*4804-07 
.4P747-0* 

444MtU 0*14 _ 

K9 Pa*rtcir5 9*7 P4t5ci>f 91 7WT3 *n|NT 


.43*44-01 .1«?«D-0I .1*414-07 .?*57|-oi' 
•70«94*03 .71304-07 .5 |To 4-04 .74774-0* 
•53t*4*Qt .47lt5i03 


.5*544-b* 

•17144-01 


,74r5«.'o* ' r 


71 INPUT - COMlin •|475 «*ji0 

. •4554*07 

.49|*4*q« 

.._-4|41|-01 

.|44«?-Ut 

.M)|4*91 

.13773*01 

.|47P1-o7 

•|5|*?*07 

•SlO-l-O* 

•792*7-03 

.7475I.04 

.54737*04 

.17793-01 

.74447-0* 0 
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. V . 
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LMSC-HREC TR D8674C'^“III 


SAMPLE PROBLEM 5 OUTPUT 


(Cont'd) 


fUim.t.URtCNUUUOJHfi& 

RiDIUS LOOIN 6 

. ..11100*01 «Jl996*Ql 

- ... .10000*01 •11771.01 ' - 



PtoTtCLt rtacm i Loaon iK PtLAiiw lo lm££ 4&.: .•^S0iT7»07 PiRiicu r^eacem . loading iCLlftvC fo ihc Ninuai : •li72i«07 


OUflO 

a.lAC<L*Qi_ 


BOflCllUm.lNUfiaAnON 9C1UU1- ... 

roaeri focrv Totoi 

JUUUfl ^lipo OT 

OClfVG 1fla07G Qtirif 

.00000 «000po .27l*5*0« 


ISA 

Of Lf 
•00000 


10 V« 7 (» 

•00000 _ 


flft^ ULIOC fwt LOCKMtCD«MUWTSflLLt WULt IRLt SHOCK CONPUTLC PROi^PAN 

ras'PiPtlClC ftOM SOlUMON 

jCMC N 0 ._- .0 ... - .... - . - P » 6 L 


&I.C0HD llifit lUl llOlZif /PUlfX RflftOn PSU . 

xiMT pni fci n^fptp . Qffci 


NtCM ANGLC 

_ ._ IO * 


Aarsiuer 

ao* 


PCNSIIV 


T ( Hara»Tuar 


PftT * 

J‘»CCIt.P01'fl. . QLUIUP.UPfL 


ioc«i ciHNi sNOcn •m;l( 


fCMa(««tvet 


.•»f0«*07 .7n««9*o! 

. t 02 « j!QS JJ 1 « S * 0 J 


^•atiCLt 

NO _ a *» T | CLtS _ I £| ^ ai $ CNf_>T THIS ^ 01 **!. 
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iS _ 

J-? 1 1 »aa . 

_ - z^cniJoi 


^2^X22-CI 

'.JtJ-Ol 


_ i.osi.ro - 

.?9^74*02 - 

.. 2-*)l*&C._ 

'oa 


7.»07«T 


• .77 •-**! 

l.««7-P| 


7. 7Yf.>p\ 

l.9]«*0« 

-*.T||.07 

7.457*00 

f .*7* «P0 

7 r 



.••^42*C1 


2.»74*OJ 

2. 74S-PS 

t.P«7-0* 

-•.»3S*02 

2.4)7*00 

).*44*rp 

, • 



• ..■‘Ol-ni 


7.»7|-PJ 

7.7|4-»»S 


-•.4SI-P7 

7.4)7.00 

•.0P7*OC 

; t 

7.S»Q'?U 

i.vor«GJ. 

•.i«o-ai .. 

1.«7P-q1 

2.274-01 

2.M*-PS 

1.I47.0* 

-1.004*eS 

2.9)7*00 

•.P J4*P0 




•.tal-Cl 

1 .•••-r t 

7.t«l-0f 

7.447-PS 

|,PSC»P^ 

-1 .pi».ri 

?.• J7.PP 

• prt.oc 












If 

7.*14»-«C 

l.•;l•cl 

•.|••-0l 

i,•^7-PI 

7 

7.4»P-PS 

i.rs^.p* 

-I.P1**C5 

7.»*T*|»o 

•.i»)*ro 

S3 

;.92ft*3C 

.. .utai*oi - 

• .LS4-QJ .. 

1-J57-01 

t. •OS-OS 

2.S97-CS 

i.ru*o« 

-1.047-CJ 

2»9ir*;D 

• « |42*0C 

•••• 

IttU nAt^ 

«of co«i«rocc 

fo» 









S«01S-0Q 

l«7i3*Cl 


1.141-01 

t.«74-0S 

'.SI*-OS 

t.OS#*oo 

-UpSd*P) 

7.9J7*C0 

••l44*Cb 
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LMSC-HREC TR D867400-III 


SAMPLE PROBLEM 5 OUTPUT (Cont’d) 


P9U» Hitt JC l«(LUeCO M SOtUUBI^WlIWCft 


irCJ4IC0^VMJUU.. .D*ir..lUI*Ull.-flAt.(ttOtl Ui cMSCt^AtlM CSS. 
ii\ urM 9PP9 fppom («f*cv 

__i * 

t •f'jf .MAS .Atso ?.*Ol I? •f.O-AI II 

• JOS «. 3 jj ..• o ^»« I..Nas . u . rA .« rO { ii 

« .coo ».-€? W II «.««M 

» .000 3. 09 s . •«isAi.Oaao - tt _s.«*oo. « 

mmr\%.tmr rnKt »it. pttpm ottfca llfil fiSlIS..S#M 2 

rcc* 9f\ OtrrvsioiMt *•* f«*«* acAAO oraMi 

?>OSS.OO I.IU- PI l->Ty »Bl f.OO«*01 •«00S*0I «.40S-0I •.•A4*0l •.•44«0I *. *44*01 •••44*0| 


. , 0 AtL »*<4 r mrtt Lsy ^ f ? CLCNCoui * 4 ss oirrosiw rums LS / Sr 2 fOO 

SiiC40 aCC«mtC4i at»oi c*u* tofa; cat 

Lff/ n • f WOsaa 6 4S^_ 

^.a$i«oi o.OQO o.oQo 0.000 o.oQq e.ooo 


MOM roa«s MTAT laaos aioolac »aoa«EtC 4 S 

coir r , t9UlM iOft*iLUU.OM 0 L«at*S * » . r •• 

cr/j St M. rvMi cas cnao » 0 '*t cat 


CiC«ciitai. «ats toaatrr* cocrricirmt. 

c«, roo . . _ . 


-®aW_ 


nMr«T|f« otsoiacr* crfrcfi«c lotMair? oc*«oiot a«st tMtcc<«ss ro* 
fsicBOctt . twiga mts . s opt ^ Totcsotss . . nofio . . . . 

rt<ta erisiAO Oisoiacr. laaooa a(* root 
rt£i ttrj _ £gft irtf 


r . rat^os ^. 0 r$*«a j . ortHt * a . ojr*««t 4 . cif < o 4 o.ooo 


rotat Mfct THOvtT 

. 10 MU. ._LtSS 

0/S tton 

O.coil .t.>ia.O» 


tOfCi accrifcaiiati raaitcto votai 

a«u aocjL .rtsAMCUa*s mss ta k .rwss is oi « 
«r.*i (O/s io/t 

P.flgo UAjzHU ->.-WS2«Xt %.2SZ*iU__ 


oooci . JaroORAiLOo 

eta P|Staa<r 

rooft *cn 
rtf f 

a.aoft fl>roQ 


4.«00<9J 

.'.rui’OJ 

_t.,*as.^i 


.■PC-f»4 

t.Tat.f«a 

i.s««*» 
r.«i I'Ot 
laiura 


fl.flOC 


•.|S«.0I l.Cat-O* 

r.;ia-oi s.sss-o«- 

t.0<M*CT0 *.*•9 -Ha 




I.C.’ 
<««SI*0S 
«.44r<r« 
u*oih:s 

•.«*T>CI 


-C noff 


1./41-IU 

- 0 .' 

<.040>flJ 

a,«40*(*l 


.i.ws'0i t.«to-ai 
i."4i*ro *.Mir-2i 




■f^ ca-cz 

•. t?»-n 

t.0ia*0l 

•.■4**0I 
.Bto«ai. 
'.i;i -01 
c.!/?-ci 

i.ri'-ni 


tMfa* 

i0r/f7 

i . tat.M 

j. nr«ct 

f,a«a«ri 
r. u#*«ai 
• .•tO*nt« 


0. tOtM 
cofiiaif? 

a/t* 

^%tov 

«.i4J»02 

a.*o**o; 

4.^ir*e* 

a.«r**r7 


a/I 4 


f .ii>*oi 
4.t01>0l 
a.y*|.ri 
1.004*01 
l.'lM.Ol 


trr s»*»lf 

latwaira 

a/ta a/ia rit-* 

; i 4 * J > 2 _ fc * 9 l *‘ e 2 ^&. UlL*Ai 


a.Z***'' 

•.071*01 

7.}4).01 
'.• Jp*al 


4.**r»P7 
4. ••1*01 
a.*00*Pl 
4.aiC*Cl 
a.«;*.r7 


4.«.*I*P5 

!.S11*CJ 

:.sis*B) 


rrrr la/rj to/rs a/ip«a 0 /sr- 

ft*.008 S«S>»jCS-^fOSsfll „t«41lefiS . 

l .* OO - 0 » 4. •••-01 4 .»*%-rt «.***- 0 | •.♦ l •- 0 S 

t.T47-04 S.aa5-01 5.4*4*04 •.*4*-0l •.417-05 


.’.•11-05 5. ■40-01 5.t**-05 •.••O-Ol 

„ L . U 4 -«D ^ . € 4 ii 9 i _ iU ! 7 f rOS_*^*l 0 -OJ 
l.pat-o« 5.*«r-ri t.5*i-05 ••• 40-01 

USSSjtO* -•-UI.rV— S^aOS-Ui S^a4t=0i 

• •••5-9^ 4.l«5*01 5.W4HI5 4.4*1-01 

1. 1*7-09 4.100-01 5, ISB-OS ^!*l*-Ol 



l.lVO-01 

7.a*o-oi 

2.C10-QL 

7.a*o-oi 

i.a*o-ot 

1 . 0 * 0-01 

7.a*(*-oi 

I«fa0r0t 

7.**o-0l 

l.a*0-oi 


a.**7*a.* 

•.•■r*p7 

.|.*7**07 

a.»raT7 

«..•«•. Cl 

I.07**CJ 

r.7fi*ci 

-l.**>*Ci 

5. *11*07 

5.9l**CJ 


•.»77.P| 

-».5r'.r7 

» ,fcl r.f»7 

«..’t«*r7 


■riawf 




•i»Mra 

l.SfQ-ol 

l.t4**Cl 

0.000. . 

0.000. 

P.OOO . . 

7.B*0-«*I 

|.•4*•CI 

T.I4**09 

O.'*»»o 

*.000-0* 

l.#40r0l 

1.04**CI 

J.r99-01, 

0.000 

. *•000*01 . . 

7.a*r-p| 

l.*4**0l 

9.••5-C^ 

0.000 

*.000-01 

*_l.t4C-Pl 1. >4**01 

_ 4-ao»*o2 n-OQQ 


l.B*p-ai 

|.r4**fl 

1.707-ni 

0.000 

*.ocr-ri 

1.4*0-01 

|••4••0I 

9. ••7*01 

0.000 

*.000-01 

l.a*«**'’l 

1 ••4**91 

•.74**01 

0.000 

*.000-01 

. 1.0*0-01 

l.»**01 

l.|>l*DO 

0.000 . 

**000-01 

7.**a-0i 

l.*4* *01 

1.905*00 

0.000 

*.000-01 

l.**0-OJ 

JL._>4**0| 

I.95C-00 

0.000 


7.a*0-0l 

1. •4**01 

l.tpf.oo 

0.000 

*.000-01 


•rr|i cau.ro 


t rtaiii 


u/vc 6il.fl saci.l.li 


sail.l.lt satl.t.lt 5rn,i,*i sdi.I.ci tai|,i.ai saii.l.ri sati.I.oi 


10 

II 


1.444-ni s.ooo-01 

"••'W-or . 

I. *15-01 7.500-01 

7.075-01 9.>00-01 

7.7*0*02 '*.500*01 

*^.0*7-01 4.000-01 

5.477-01 T. 500-01 

_7.^11-0| >.501-01 


1.000*00 

I.17**00 

7.500*eo 


*.500-01 

•*•15^ 

I .oro^ 



.1.^00*00.. 
0.000 
o*WQ__ 
0.000 
0.000 
V.'odo ' 
JU«A_ 
0.000 

0.000 

1.0M*bO 

1.9*1-01 

s.^li*oi 
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r.MSf;-llKKf; TR D86740U-1II 


SAMPLE PROBLEM 5 OUTPUT (Cont'd) 


- VlAHOfc - T • • - rttJ 

itLtAiu uuiiL - .0Ai^m !• ctKiravAMtHc ra(« 

11 ^ vt«*r r»r« r*»«* r«f0ct 

i .fltt *.rn «sft9 s.>o7 10 

^ .ron ^.49101. nom A.Hir ii in 2 .o*n? 

1 ,ftwn i . »n4 ia_- - .*.... _ 


AtPNA 

4 «« 04 * 0 C 


pACiiu rncssuflf cocc iii.. 

M f t f /S 


eci «0 .•ft** Nt«r rLuirs*>»/srr 

ntrru^fonti tn* r^ti* »f»*r 

1.0«IH}| 1«Q*1>01 1.430*01 I.43C-DI 1.4)001 


M 0 * 1 '' 


!.4JC*9I 


«l<M4«iK4L rvoct 

l.pf/fC ncnOVAC 4*i 

4.741.00 r.ooo e.'»or 


Cm«* 

o.ftoe 


f 0 * 4 i ' 4 \ 

n.non 


UJUflkUL lull xtf fUlUl£~/LUl£l. L0/lf2..1fift. 


«•«« ta««S MT4* I4UI^ n4*4atTl*S 

.C91<C.« LOUL^ iMd— - at 4MPgaMt*\ti tarn . 

rtf: ST * 0 . pvaet 64 ^^ CM«a ret*t r«s 

^.J^*-*** r,7«s-Cn O.CCC e.COfl C.W 


CiC**cn*M • 44 i«<fr* rnc*’rictC«T^. 

- . . C«*_ LOO- 


«*M««ru« (rrcc*fff l■l•*•lr» tfT*«40S rp® 

^ jHiCULU.tmiaJHiu. AOOT fHiiocii*. MmfCP .. 

*«* t« PM * t«« i««00* Pf® «a®t 

Kt» fUl. . Ut» fit’. fCt» 

i.T**t-r; 7.0I4-0I ».®Q%*crt p.coA 

Nf4T fapust rPIAt 4CCCif®4TlP« l•t|^CfO tOfP| 

ti-itix. . Less jpu. MJJ -fcainCHf -pjLii-i® K 

P/S iipfi ifri ip/s IP'S 

3-CaC p«P14*Cl .. l*J*»*Ol . 2.P22-0P 4.4»®*O0 4.4)P*0C 

pocn i«^cp®p*icp 


ft* 

PfSTAPCf 

f 

•i/«i 


SM* 4» 

<•• 70741 

r.# 

4*r 

57«7 ir 

t,4^ 

» • » » 

- - “- ■ 

' 


|P7"7 

£MI*l#LfT 

P/l# 

#/| 4 

p/i# 

1«M»#L#» 

#71 4 


*.co: 

:.ccc 

c.rco 

3.30C 

2.403*00 

♦.?4|*00 

P.P44-0I 

4.404.07 

2 . IS*. 9* 

4.44*»01 

4.?4j .r» 

/ 5fc- ’I 

1 . ♦ 'i.'S* 

• .s; 1 


'.♦J/MCO 

4.774-no 

1 .^ 74 . -*7 

l.Pm.'.PT 

7.04*.p* 

4, »i *.ri 

4.71 ».r) 

S.4U4-3) 


2.427-03 

1.144-Oi 

2 .sr**co 

4.25;*C? 

l.:7|*C2 

l.S*4-**7 

1 . 744*04 

I.C4*-P2 

4.7)7.P< 



1 . m;-p: 


'.77| .pp 

► . 7C4 . on 

r,4|i.-. 

7. T7» 7 

•7.444*'-J 

I.04S--7 

a.T’.'-rt 

2.*0J-U- 

.'.zir-Cp 

2.*Pl-C2 


J.4t»*0C 

4.157.«0 

3.577.P2 


•’73 


4.2«2.f7 

IS 

t . . ••>«'*» 

« 

• .s.*# •.'*1 

■».4<SS .-| 

-..-•t.'fC 

• .•7* 7. '•7 

1 r f 


4. t *7.'‘l 

4.J4’«-7 



l.PP3-'*l 

4.I3C-91 

J.PJ4-CI 

5.«as.rc 

7.711-02 

«.. 7S.f; 

*4.|M*o2 




i.-’i 


T,fc7«--I 

4.' r»-p7 

5.|4S.p- 

4.«js.r7 

P.f.'l-ri 

.7.n.'7*ni 

- «. rz-.nz 

7.*7p-r« 

».S7C-5l 


2.r2*"cu 

•,S#C-Ol 

j.7%4-0; 

4.07*-CC 

I. 054 . 0 J 

•.*5 7*C| 

-# .4 » |.po 

-*.404,P2 

?.#4|.P? 


'.*• • -r/ 

s . .P? 


1. r«4.p7 

',r**.rr 

l.|S4.'*> 

I.J74TI 

- 7 , 7 1 4 • nc 

.■.sa*."/ 

7. 7 's.n 1 

_U1II-3E. 


§. •*«4.rc 

♦ .74P-')1 

_L4i>r-ci_ 

l.l'’r^0.^.J74*T*J 

_s.f 

:.-.44S.5o 

-4. *37.^2 

;,ci4*'“» 

jr.'s; 

*.,* j»-r7 


1 ,x:r*rc 

r,rc'» 


f 

r.f’r" 

* ,*e • -*’) 

-i.rsp./*) 

1 *74 t 



’T' 

* r ' 

♦ n " 

-.fr... 

.S'- t t 

«rt •» tf .. 

^-1 f r "1 a 

-a-,. 

eMr.p*|*‘S 

7l'tt4«i| r » r 


_T.*7*-n4 

_4.T»|-5S_ 

•••ILrCi T,a?n 

7, #4 0*01 

z.spC'O) 

1.444-Cl 

y.|0#-ri 

5.444-Q3 

4.pon-C5 

5» 


• , 1 ."S 


T.4f.*-r^ 


7.44r«ri 

|.•44.^l 

4.75l-"| 

1 .'n74-r| 

4,rrr -r j 

■». rsi.ja 


4. T57-PS 

4.41 1 -01 

7,411-05 

.-.•4P-0I 

7.44p-n 

1 . 444*0 

4.411-Cl 

|.4|o-ni 

4.CPC-'‘l 


•. i*p-p* 

4,»p*-C'. 

4 . '4* -PI 

7.7 71 -PS 

2.P4p-0l 

7.»4r-n 

I.f4'».ni 

1 .744 .PC 

t. I47***0 

• .rpp*’" » 



• .••P-OS 


7.747-05 

7.44n-0| 

7 . #40-0) 

1.#44.C| 

1 . 7 7 7 • "P 

!Ps-no 

4.rcn-pi 

*.•4 

i.r J4-T5 

• .90'-CS 

4 .4«'f -01 

4,4|0-0' 

7.44-»-p| 

7.#4r-ci 

|.»»4.p| 

7. !4-.Pp 

7.47#*ni 

4.ror-ri 

I.S47-C2 


_1.40r_;^S 

J - SC_itOi_ 

_4^4l_7-05,. 

7.44f»-0J 

’ ?,#40-0L 


_ 7.p»4-no 

5, 714-n 

*.COft-*'t 



!.p4p-r' 

4. J|4-ri 

•,S»S-RS 

/.•«P-PI 

7,#4P-P| 

|.»4>>»p| 

J.S7#*00 

s.>s».ni 

4,por-nj 

i.TPT-o; 

I.4p»-P) 

2.44.--PS 

4.247-ni 

4.1 74-05 

7. #40-01 

7.#4P-0| 

l.#44.r| 

).«37*no 

*.#|4.0| 

4.oor-oi 

S.®jp-n7 

l.*74.r) 

>.S7r-rs 

4.]««-rTi 

1.700 -OS 

/.•Pn-Cl 

7.#4o-n 

I.444.PI 

4. 1*7. no 

r.non 

«.nrp-r| 
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IJISC-HREC TR D867400-1II 


SAMPLE PROBLEM 5 OUTPUT (Cont’d) 




• I ihC* f«iTto FMf pounrftr? i«rv« 


cic 

siiilar* 
1 tnf 

£ _ . 



• 

. . THU* 

CSTfULrr . . . 

OCftSUl. _ 

. ItNfCO«Tt*t - - 


i 

^iU7ft*0l 

. ..2&J29*01 

• lUOn*OS 

•1»0J9«CZ 

.701)1*01 - 

•t%9Jl«QS 

•2SBe9«C* 

1 



.7S<*fO| 

.IWP9*05 


•7r*B»*c* 

. rs 

.:^**7 •p« 

1 


.tl|03*01 


• I07u*a) 




.;a70««0* 

1 

m 

. . 1 5*’-nl 




.7Pa) s»eii 


,7^r*»*n* 

1 

i 






.0llTA>0& 

.T<A«0»0n 

1 

t 

.IU«S*OI 

.79 


.!• W^•CJ 

.7nA^7«OA 

.Ac»«i-rs 

.4 ‘C* 

1 

t 



.I07f9*0* 

.I•P47*0<'' 

>70S07«0* 


•0*> 

t 

p 

.1U1T«01 


•inyll’Os 


*70«(-t*0* 

.t«0«K.OS 

.7<^AA*(Tn 

1 

f 

.lUJ’VQl . 

•zia^foi 


.I8|3fr«07 

.70»*»>0« 

• roitr.QS 

.7«SU«fi« 

1 

tc 

.ltr«t»Pi 

Of P*»T 

in tM« *Ao*i*0«ftT laVrP Af 

• loftrv^r? 
ictc M»orr«tif^ 

iNf no.vit T»i» 

.70 >99*ci» 

otanr 


.7^* *0*0* 


•‘••fIClI 

vrfc tc 

Sf9t 
1 inr 

e 

t 


IHCfA ' 

rNlHAiOT 


tfootCAHiac 

1 

1 

.il8lS*31 

•277*1*01 

.10292*05 

•I«t9«*07 

.|9f50*0« 

. 'ailA-PS 

./•rasT* 

1 

7 


.717*1*01 

. iC7*u*r^ 

.loiAA.e.' 

.1**00*00 

, r**A«^ns 

.7*A« r •;'* 

1 


. I 1 

.7*7*1*01 

.lC7*f *0^ 

.tgtf 1*07 

.|9***.0f 

. fS«i i-P’. 

./*«|S T* 

1 

• 

. 1 1 

.'»7*l.Cl 



.7<“oir*c* 


.7**1* .C> 

1 

i 

•tir9C*Ql 

, •212*1*01 _ 

__ j1C27I*'J5 

•If l***P2 

. . .lOCffO* 

.’iS'CrP) 

.75C' r*C* 

1 

* 

. 1 1 rrl*0i 

.r*7*i*pi 

.107*1*0^ 


.701 'A.n* 


.7'H7*C* 

1 

t 

. 1 1 *»• *U1 

.712*1*01 

.»C7^« *0^ 

.tfllS*^.* 

.70>^)*0* 

.1*1*5-05 

.7^71 1 *0* 

t 

0 

. 1 1 *S6.C1 

.717*1*01 

.102^1-a** 

.tf09«*07 

.707AQ.QA 

. lAAlA-OS 

.7*.**A-0* 

t 

■* 


.217*1*01 

.IC7***')S 


.7n]?«*oa 

. rA*7*'05 

.7*1#7*0* 

1 

10 

.11*«1*CI 

.717*1*01 

.107*0*0' 

.IfnAl.C! 

.7c3’**C* 

. **7*r-P5 

.7** *0*0* 


8-98 


LOCKHEED-HUNTSVILLE RESEARCH & ENGINEERING CENTER 



LMSC-HREC TR D867400-1II 


SAMPLE PROBLEM 5 OUTPUT 


(Cont 'd) 




pASFOVS 

.•1?»*0» 

Sr*BT|ll4 

Blf 1/SfCI 

.oono 

•i«oo«os 

LiNF mro 

Fiai«i 

VIO(« *1 
.1*}S«0* 
.i097*0« 


.0000 

.•?A7*0I 


.•S7B-01 

.IbTO^OO 

.im*o6 

• 7}0t*00 
.70S?. 00 

.mi*oo 

• M0T*0« 

•'a*7«*0« 

.•«10*0« 

fie* 

.•«7?*0* 
.«)«?. 0« 
.■Al*.0« 
.••1|.0* 

.>on*of 

.•I?T*Oj 

.Si?«*Ol 

»M M*0} 
.io}|*9* 
•1I?».0* 
.IS7O«0* 
.l«AS*0« 
.1*0*. 0« 
•iao$.0« 

. I«H«0« 
'.>o***o* 

.7l«?«0« 
.7S7*«0* 
.7S1I«0* 
•7%«).0« 
.7A?a.Qa 
.77BB*0* 
.7ao**o« 
. 10IO.O« 

.lOf ••0* 
.7*S?*0« 

.•f (O-OI 

.••M.Ol 

.0A««*0I 

lBi?7-0» 

.«AB7'01 

,B?f*5*OI 

.ar%0*‘01 

.«T*0'OI 

.«t»e-oi 

.1001*00 
. iot»'*bo 
il9lfc*09_ 

.U«0*0* 
.16«S*C« 
• USf*0« 
.i»fi*e« 
.l*7*«0* 
.t•l••0• 



. laiO'DO 
.•7»»»00 
,'«7|>7.00 
.«7:o*oo 
.«?!«. 00 
.S*J**O0 

.16I7.0* 

.1607*0* 

.i6n«*o« 

.1606*0* 

.i6n*o« 

.1*66*0* 


- 

.Ti*o.1i5 

.OA»l*00 

.>r«j*oo 

«?«I9*00 

" * ' • f«K«60 
.•OVS*M 

.«0?«.Q« 

.BS^7*0* 

.tSB3?P» 

.1*76*0'* 

.1S*6*0* 

.1160*0* 

.1707*0* 

.1774*0* 

.1704*0* 



.Bsri.QO 

.•OBO.QO 

'.«S7«.00 

.«S*J«00 

.Wam^oo' 

.•»}3*00 

• •ASl.Q* 
.«?7S«0B 
.««A7-0* 

•iooi*qs 

T««ai*o« 

.B000*0< 

.1060*00 
.|tl«*00 
.I7SS*00 
. 17^*00 

/u»0 *00 
.11*1*00 

•ii*i*o« 

.11*7*0* 

.10***0* 

.107«*0* 

.11*7*0* 

.I7*l*0* 



.•■tx.o6 


.7fcSS*0* 

.lS»**no 

.147**0* 



.*0«|»00 

.77««.0« 

.7JTB.0* 

.13*1*00 

.10«S*0* 



.Bfro.QO 

.»i««.o* 

.l«C7*0« 

. 11*7*00 

.7|47*q« 



••^v*oo 

.•S7».0> 

•i«o%.o* 

.11*1*00 

.71*7*0* 



.*«BS«00 

'.U?*.o« 

.T|f?*0* 

.ii*i*6o 

.?56**C* 



tii 0? .J 0 • f • 0* .u»i*o o 


i»t®T ll«ir 


00|6? SOC 

1 
1 

cit UIM/Sici 

1 .A?!!*!** 

7 .?7*l*0* 

f irt/seci 
■ roM 

.vTULPO—^- 

rc**sii*i6M/cci 

.7«06>04 

.6771*04 

7I0C4 ■! 
.77J7*0« 
.7j;7*0* 


- 



t 

1 .6076*0* 

•OQPO 

.1176-0* 

.7160*0* 





7 

1 .*7«t*0* 

.1*61*01 

.7*00-04 

.?75S*0« 





7 

2 .77*7*0* 

. l*67*ot 

.6675-06 

.7577.0* 





7 

1 . .6i7**0* 

. I 1q1*QS 

.1170-0* 

.7J«**0* 





1 

1 .07*0*0* 

.7*M*01 

.7*67*04 

.7776*0* 





J 

7 .7747*0* 

.7*06*05 

.4676-04 

.7577.0* 





1 

9 .6074.0* 

. 76p7*o5 

.nil -c* 

.75*-»*0*" 





« _ 

\ .<l} 09 * 0 * 

.**0**01 

. 7441-04 

•?7I6*0« 





6 

7' .7747*0* 

.*567*15 

.*44t-ns 

, '577.0* 





« 

V .A«t6.n« 


. 1 irr-n* 

.75*4.0* 






.Slie9Mr-V_5JLWiURQ-PLU"L £L0wrmf>. CQOLU*tfllL-OAU tNtLUQlHfi^THt^eoiniDRftt L«T» 


CUfNTStftT STSTfW J 


t>i>s fio« BBorrpTirstsrccirt «ec imisco AvtB«crsi 

“ioTccuTiB niG»*» ~ ~ 

tflUflCJlIi t_PMI0 

ti$cosit?i»oisr • .••4>7*os 

BBtHOTt __ .%«U«*00 

•I0771C (11? o*VlUSlf?l .USIB'OI 

TCnPtP«tUIICl016 HI .IJ3*5*0* 

fK«SI?Tt»t»/ttt •lB?Sr«'0* 

tLLQCll T«r i/StCl t.»iOn.o? 


iBccir »oiF r«aciio«i sBfctc NOit rBicnoo 


•ITOIISI .0000 CO 


^2 

.IQQA-QI 

CL_ 

v7 

,| 766*04 

1* 


^J767*00 . 

H70 

HQl' 

.14*6*00 

67 

07 

.1161-04 

. - - OH. 


.•0?9«-0l 

^B96«*QS 


_ . . Fiortcu. Pmtsicrl o»t« 

»lCJlt._.U"lfJ06.... O00l*?S . sncKic *»t#f 

Rre?ft*firi?( toKonut itiunot/MOir/pce •! 


1 ?• .II^O«DI .«OU*0} 

U Jt. •JOC0*DI .«DIO*02 

s !• .%&00*0l .«0|6*07 


**«S$ CtBSItf NAi, MtlGHT 
lAM/CCI 


• «<IO9*0l .1070*01 

■«00)«0l .10X0*0} 

••oo«*ni • 1070.0? 
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LMSC-HRKC TR D867400-111 


SAMPLE PROBLEM 5 OUTPUT (Cont ’d) 



SKCU 

- utri/icxi 

vir t/scc» 

ocMsiriton/cci 

11016 01 




.••»2*95 

•29)S*OS 

.22«1*0« 

. — 4_ 

- 2 . - 

— «^ri^*09 

•sa20*0J 

•S97IraS. 

*2iZZ*09 



.A«9?*09 

.S2fi«0) 

. >2J61*q3_ 

.7271*0) 

. IU99-09 

Uiza-.m 

.SJ92-09 

.2353.09 

A 

> 

. f rb2*o« 

.2177*09 


—3 .. 

<«d*4»09 

.64JS*0J 

.I0>*.-09 

.2550*0* 


1 

••n2*o« 

.M',9*o3 

•290f*OS 

.2I0WO9 

^ - t . 


_ •,T?.TI*09 . 

.•MT*03 

•5JO.-OS 

•2323*09 



.90SO*O9 

.7077*O5 

. 1073.09 

.2396.0* 

- . g 

1 


.Zo35*o*_ 

.tfll9*o9 



• 

2 

.*9?S*0« 

.4216*04 

.2327*09 ■ 



•99S1*0« 

.9|23*o) 

. 1672-09 

.239l*0« 

• 


.«|99*09 

• n0)*9« 

• *««6*DS 

.2199.09 

9 

2 

.frr«.o* 

.l)6S*o* 

.4| 31-09 

.2327-09 

« 

10 


.(••S9>0« 

.Io*^*o* 

. io»n-09 

,23*7.09 

1 ^ 

... i.9J9J«09 . 


.2902-05 

. . .2155*09 


2 

. 9971 *29 

.l1p9*o9 

.4C' J-O* 

.2371.09 


) 

_ .»«c««99 

. 1) 72«0* 

.l|Ol*09 

.2552*09 

.11 

1 

.9392*09 

« l97a*Q9 

. 7910.04 

.2117*09 

2 

• T79}*09 

•|942*0* 

.9907*05 

.2521*09 



.*«SO*D* 

.Mni*o« 

.1190-09 

.2)27.09 

IZ.. . 


«9JC9*09. _ 

•l4Za«09^ 

. - .*2999*05 

- .2105*09 

12 


. 779<V«0« 

. lS9).o* 

.«9«9*0S 

,2327.09 


.4«n*o* 

• |9)|*Q9 

*1203*09 

.2121*09 


1 

.9sr7*09 

.M76.09 

.2911*04 

.209 *.09 

!] 


.rs2f*09 

. 1 T69«o« 

*9«5S*04 

•2527»09 



.9C97«n* 

. IS 79*(J9 

. I.* 7 7-09 

.2*21.0* 

-- — -^9 

— _1 

^482*09. . 

.1990*O9_ 

*2096rll5_. . 

.2005 'OS- 



.7907*09 

.19)6*09 

.••J6-Q4 

,2327*09 

. - _ 19 


.6947*09 

•1696*09 

•1310*09 

•2521*09 

19 

1 

.••CO *09 

.*0*“0*09 

.2929.04 

•|94p.09 

IS 

.* 

•79S0.Q9 

• 19sr*g9 

.9002*04 

.232 7*09 



.•921.09 

. -2 .'A *09 

. »J.*9-04 


- - _16 

2 . - 

«eo9o*a9 . 

*21 21 *09 

. . .90*1-05 __ . 

. .ziriios 


1 

.•Vfr9*n9 

. * !9i*09 

. «|9*.-fl4 

.I0i9*n« 


-Z . 

.9159*09 

.2201*09 

.9906*04 

.2327*09 


1 

.9l93*n9 

.-S69*o9 

.129«*C* 

.17)1*09 

_ - 1* 

-2 

.0290*09 

•296Z*09 

•9955*05 

•:327»09 

19 

1 

.91«7*n9 

.27r)*0* 

. *S''9-f 4 

.I67?.')* 

- - ift 

. 

— -^6192*JIS„ 

..u2&61*09. 

*u)3Zl.-II5 

■ .2JZI*J19 


I 

.7l«9.n9 

. 7 7^4 

. t J7‘ -04 

.16*1 «n* 

..'1 

1 

.9990*09 

.2090*09 

• 5611-04 

.1501*09 


1 

.9429*09 

. 901 1 *n9 

.9024-04 


23 

1 

. . 9/20*09 

, tlT«*o* 

. *979-04 

•t«10*09 

7* 

t 

.9777.09 

. 921^*fJ9 

. *»29-f4 

.1)T7.U9 
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LMSC-HREC TR D867400-I1I 



SAMPLE PROBLEM 5 OUTPUT (Cont*d) 




LMSC-HREC TR D867400-III 


SAMPLE PROBLEM 5 OUTPUT (Cont’d) 


St l>^g $QWlC rtOv UUW, S WOCW COHRuUQ PB«6P«» 

~r.4s-Pi9MCtt r%Qu iotuU'Mii 

_ 0 . _ • 


srcoNO st4cr luf no77ig/piu* 

X pc:pOO rsi* 


* 




lINl POINT OSiflIP - BCCIPr 

p 

f 

• »**u» 

(NJ.90PT 

•rirtiiT 

M. Total |te 


P4CH iNCif • 

p rsAuPi 

•‘CNSI7* Tf MPCPtfUOf 

04S CONS** 

10C41 I-4PP* 

^MQCIi aNflT 


70* 

PO* 

5* 




P«eti7ir~^4T4 







AP»vft POINT nrACOfPTION 

* 

rN|74 

0 p 

CNIWAtPT 

0»N5I»T 

TTPi*| aaiiiR( 

.1 U»“'!ll_-_CONUJI . 

.OfiOQO . 

.ilUU'Ol 

.24S0B*0t *00000 

.7?5*o*a« 

.0«)4**0« 

.7III|«*04 c 


.7.Vf»«0? 

.17399*01 

•77PNI-0* .7«7lt*0N 

.74437»u« 

.1 TQ77*DI 



.SIOIO.ON 

It 145*07 





P4071Cir 0474 
1 1 

.•l7*o^*P* 

.09000 

.7N09N-0I 

.II5R1*09 

.AO«9|-0S 

. T9N3**0« 

2 t 

.7413H1«P« 

•00000 

.19*07*00 

.N7A7A*09 

.«frA5P-r>S 

.*Uar*o^ 

3 I 

• li«9Nr]*0« 

.00000 

.*7771*00 

•N937)«09 

. IC*35-P* 

.*775**0* 


1 7 |NPo7 

P4P7|Cir 0474 

• CONMN .!*b4*-OI 

.777*7*07 
.5l«7«*0* 

•7*t**.oi 

.17*00*01 

•113*1*07 

,7&*I7»6i .NT«7«*on 

.74^95-0* .7*I9**0* 

.*«74<.*0* 

. 77775*0* 
.769)7*0* 

.••773*0* 

.l?073*0l 

1 7 

7 7 

1 '7 

.4 17«SS*0« 

.79|r«|*0« 

‘~.ba«7N6 •0* ' 

76*oT**oo^ 

•*7«5**00 

•99*S**00 

.7»I5*-0I 

.I9*7S*0U 

.*7P7P*6c 

rn^pTci 

.•75D**Dt 

,*b3*5*r* 

.50«87-0^ 

.*6710-05 

.14491-0* 


.rii v«L* 


r 


.5^*RP«0* 

»«0* 


I i INPUT r.-CONTIN 


f 

1 

2 

J 


o«i4 

s 

j 

5 


l«19|-Q| _ •;»%5J*OI .|7TO7*0l 

7.'?ii*or .?«i«5*6i ‘ .;44?n«c” .i«0T**cr 

41I)M*0« .11«?I«0? .9»2?f*0* 


•6«009P«0* 


.1 

.J^J400*gl 


.•T9^)*00 


•)ISO««C0 .SOT»*-OS 

.•fcTS^»q§ 




0 


.«|P4C*0« 


input" 


p«»T| ruftii* 


conTin 


,Tl«ii**oo 

.^7|T•7•0^ 


.ir«nN*oi 

.riN«5*o? 


•7bS0l*0l 
.75Q4I-ON 
.a«l T q«o« 


.i«6T«*oi 

.7«ir>*o* 


.ri«*T«u* 

•766)9*0« 


,I50T6*0I 


,n *«*77 •(}« 
.ra7407«0« 

.4*^0607 *0« 


.?OTO<*OI 
.?oT n-ni 




• SINNT.Oi* 
.•7«6<«oe 


TtcTTFr^ 

.«SI45-CS 


.«iP4n*pk 


p»c > ’ ri f n*Ti 


_S jNP uT • CONTIN 


UiJ-SilflP- 


.r.'i .'u*o; 

.5l«SP*Q« 


,I?40P.01 .7«p»N*u* 

. 1 1M T.U7 


«74«»0>0l 

*0* 


•J| »• J*o*_ 

■'. 'fL^144ui 


, .-f»| 


.•*Ng**0« 

■ .i ?67i»fTi' 


-PA 


^iffiiRumit. rxQii xiuLTii^-u&iii6.iMC lOCftiaco'NuiiiiNiuJ: muliirli &iuicjL-LABPuJLfi..rafi£JUi* — 

r,*A-rierf(ic riou aoiutiOm 

. C«iC NO* 0 ... PJ6L. U 


SCCOMO &UCL Jii&.NOZTLL/PLiJIfL PC:AOa P&U . _ . . _ . _. . . 

_LJHt_PJ»lMJ .A&CJLl£_-.ftmn£ B R € lA UOJOei VtXQCilX H-tOlAX— -llfi 

H«CH *Nr.tc rarsAUPC TirNsttv ti Mi>rotTuftf c*a conm. ioc«i C4"«>i shoc* anpic 

. I0« ... PO* S* . _ 

Pi’PT|Clt’ftl74 — - — • 

APTCIt POINT Ot<CR|*'MON » - I«tt4 0« INIM4LPT OCNAI»T lfNriP*H/B{ 

I ii...mfut-^-.xfliiiiii .. */t?44*aj »iQ&oa*iii. *nfifc9.*^ .iHBi.PN a71I.oi*o» a 

*7?;«7*07 .1«7|0«0| .7*7I^-‘0« .)7«AA*0n .?AS07»U* .i7Nr«*ni 

.•JO?S*U* .J7«u«0| 4«77?|*0* 

P*®Tiar 0«T4 

NO P«w*ICltA 4»t POINT. 


04'. **4ii ftflN_«4JC-.T .U9flJ«Qi. _ POPMaLJW^i.fJJlT.PAlX-.*- .. ..u*»5*n2 . riTtURt NASS.riOW »•.»! i .Tjj*».a; 

P4fffiar proffNi i04;:M(fts 

_*40|W$_ . I040|*»f. 

.Il900*0t .]H|N«C7 


«SOOOO«OI .Jl5f>7»07 


.i^OrO*OI .3*0TI*O7 

P40Ticif P«OCf«T 104CIN0 ^IOtTvI to TnC C4S .•9044*07 P4»ffClf PfPCfNf iOiOINC 011411*7 TO IMt H|iu«ot r .f7«07*07 


PONfNTU** |NT(rV4TfO«i OISVlM* 



tfiftU- , 

tooxcr 


lit 


..otino. 

-.70S 10*05 

mrro. 

.oocoo 

799070 



•UOOCO 

PUffP 

.?p75**n3 

OflfT* 

, I0*07P 

•1*716*05 

. noron 

•OPOr*; 

.5Ai)4*P« 

.00000 

.OOPnn 


8-102 


LOCKHEED-HUNTSVILLE RESEARCH & ENGINEERING CENTER 





LMSC-HREC TR D867400-III 


SAMPLE PROBLEM 5 OUTPUT (Cont'd) 


.tftn UAliift tllt__intB HttO«tltimiWlLLt " UtLI PLL SHOtR eJWPuitt »6AfiftAC - - 

iCir riok SolutinN 

..IL. ... - fjcf 50 . 

.5CCOIM^|«6t 1U& Na^U/PLUl*L PLa(ULf5U 

LUft POllll Mgt«p > K I a IMLU UOAttJ_ «>LOtlIt _Al^ _ 

MCh AMOlf P9t %\ Sf9i PiNSItf Tr>*Pt»«tM 0 r 6 *\ (ONM. lOfAl 5 M 0 C» ««Oif 

_ . __ 

o«t» 

W<JIC POI.<* 0|5<B|Mtqa » IMtl* . p .. .tOlMHPT .. OfOSITt,. ffHr(0»f|lOl 

: U 


r«0ficic 

HO PMf PtCSC Ht >t »MJ.S.POIHl^ 


-JiUlA- 


_COWtHL 






.aZMUtlAL. 


*1211 


y»ni 


.lilUilA*. 






,0««PO*O1 


.200P5-D' 

.)T5*»'0)_ 


»|0yO)-0r 
•«?009»P5 


.:6«58*0« 


: «• IH»fO - CCHttH 

PAtttClf 0«t# 

■0 PAHtl^LCS' ««( PVCUOV «! 


»17)l«*01 .2T?^a»01 

.5P*|«*lll •»0850;P* 

THiTpom ‘ 


.«6?n8*0i .i?«Pt»as 
.7««V2*05 


.•T273«o* .7iro|*0? 

•?6h 58*3« .|]}PH«0t 


, ? 6 « • umi:qi ^T?j 8 *oi •iM* 85 - 0 ? 

• ««OH»0t .SPS^^oqH .l«9||}*03 .26«S8*0« 

.»?e37>n» .SSMO'O? .2,TS^S*05 _ 

OftTf 

HO paHiicirs iPE oomni ot tnn poihi 


• il7M«oi 


2 Vo INVrO ' COHTIH .123I8«01 
.»I HiQ*01 

.*rev2*o* 


POtlCLt Pali 

NO Pftoviru& fPr pprscHV «v tht^ toinv 


2T2ty«01 .ININO‘0? .nm«01 .•V223*0* 

» U60i*03 

12uv»*u? . 50166 * 0 ^ 


•«6/5U*0« .Pivot ‘OV ' 2 

• |JVM*OI 


. r-Cfiiai!l il23ll*Dl _.2Vi3l*Ul USUa.«£l2 .I722J*C1-. .nV*®50* ._^ 21 ?C 1 * 0 V _ 2 _ 

.3lu05*01 .b«)r9'0f> .S02««*09 .75010*07 .20«5P>0« .l)VP«*ni 

, Mt3l * 0 * i 3 iOlttrUJ. il?rt 5 *Q 5 

PABVlCtf 0«f« 

NO P*Py|»Lf^ *•€ PHtStHI NT >m& POlNt . . . . 


2* >2 f rfV HP • COHIIH ™ ‘ ,1731V *01 .2V2iv'*0l '.lo4V9*02 .i93'9*6i ’.*V22S*09 

.liC7Cni_ .N9551.n6 .5C3VH.>a9 .V<^>1»07 .7fc>5a*0» 

.•2lM2*0* ,}3V7l|«0^ 

P»9l|Cif «*»• 

NO pioT|fif 5 » 9 r HWfSfNl gi vh!s priNi 


,9f M«*C9 .7|V0I*0V 




«MBrBcnM«r r. At. *_<. uttMg IaaT ^^*rMurfJ,.uln,•fJl.lr n.iittpir cuftffc rnwNi^tfO eoftfeeAW 


OHS*HlHVIcl£ ftON S 0 IUT]O„ 

U^C-MO. 0 


irrBMft |t>rj me pfr«nn PtlA 


HHt OaiHI OtQOtH ' 


. OtOfIM 


• l O t <N 


IDO 


HorssuHi 

-Pft* — 


P«9TtCLV 0*V« 

^rretf POlNt ot^gatHiiHti 


Tt*»HlP>VWHt 


lOCHt f«PH« 5 mOC« «Hf.lC 


JCItPLOlLfVHt 


p««ticir o«fa 

A 1 


.222S»«32 

.51HQ9»0H__ 


.12JM*0I 


*VR|0»3*0* 


.00000 


.42p5$*09 

^5t9flb.*«9_ 


. t*N89«00 

■HinHanu 


.«2S1«*08 

B>Aifc*ana- 


•««099-rs 
■ UtUtPH 


,.39905*^9.. 
.9 lPH0*0« 

B 7 » ~ I . Ob 


•] rOffHO - PPCC N 


P 9 PVICLC oava 

fia_P 90 ttcir<. BHt_Pf tfNi 9 t_TMi« 


.1MU*01 

4,3>iafttiU- 


.2V2I 1*01 
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8,6 SAMPLE PROBLEM 6 - SPACE SHUTTLE HIGH PERFORMANCE MOTOR WITH FINITE 

RATE CHEMISTRY 

Sample Case 6 utilizes the same data as Sample Case 4 for the HPM 
nozzle solution except that the finite rate chemistry option was selected. 
The finite rate package used for this case was take'', from Table 7-4 of 
Section 7. This chemistry package was selected because the plume was co be 
used in range safety radar cross-section calculations which require the 
treatment of the ionic species and their reactions. A boundary layer 
calculation was not selected since its effect is minimal on plume 
characteristics at low altitude. For this reason, the nozzle plume were 
calculated in a single run and did not require a restart at ■ > . ' plane. 

The transonic module was executed to generate a supersc s,.art '.ins. 
Additionally, the option (ICTAPE=1, Card 6) which has the program determine 
the species distribution on the start line was selected. This option 
requires the TRAN72 program to be run for the particular motor propellant as 
if an equilibrium or equilibrium/frozen calculation were to be performed. 

The TRAN72 data used to input this case are shown in Sample Case 5 of 
Section 4 . 
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SAMPLE PROBLEM 6 INPUT DATA 
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Card 


SAMPLE PROBLEM 6 INPUT DATA (Cont'd) 
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SAMPLE PROBLEM 

. • 
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<* ( • : • 

9.246 

6.2 9 

1 2 . 

r .444 

10.3 '4 

If f. . 

11*462 

14. -<64 

2 . 

12.214 

21.1.3 

26 • . . 

12.965 

0 J . r .1 

J -3 4 > . 

17.517 

3.4.7 i.'J 

4 :i . . 

13.651 

-1.6 !h 


2.P33 

- 1 . 

15 . . 

5*6’ - 

-.523 

25 L. 

5.335 

• J1 

4 j '.) * 

5.135 

1.134 

f 

5.C4S 

2. 746 

8 0''. 

5.ri5 

3.552 

1 2 Ow . 

4.990 

5. 5 4n 

1 6 4 ■ . 

4. "01 

7.54.- 

4 V V ' . 

4.978 

17, 7*^ 

If '• . 

4.986 

13.52? 

.» ! 4 . . 

5.(25 

16.:»?7 

4 : 

5 . ; 9 1 


-1.974 


3". 156 

-1.19 


43.555 

- .784 


47.443 

.825 


* .891 

2.509 


57.464 

4.379 


57.44f 

9.249 

0 0 

6 .591 

l?.f 30 

■n M3 

6?. 2*4 

17,373 

*0 LJ 

6f .54 ? 

24, "45 

0 ^ 

£*‘.64f 

34,223 

33 1"* 

72.55C 

43.895 

0 -.3 
C 

16.233 

-1.354 

r- 

34 ,473 

-•751 


37.42r 

-.267 


7". 991 

.528 


42.054 

1.544 


43.5!)1 

2.550 


45.52" 

4.551 


46.963 

6,544 


45.074 

8.536 


4?. 3' 1 

11.524 


5- .573 

15.926 


5! .54f 

1«.*65 
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Card 


SAMPLE PROBLEM 6 INPUT DATA (Cont'd) 


00 





1 7 . . - 

9.3 7 


L • I 

i< • ' 


-2.. 7 

1 0 u • 

7.*^ 7 

» i , ■ ■ ' 

-1.4'’ 1 

2o.:. 

7,7 II 

4 1. , r i 

- .7 7 


7.134 

4 3 ."f J- 

• 13 

S>'J u « 

7. '4 9 

47.4/ 

1.4», 

To w • 

7 . > 7 

4-“» .*-56 

2. •'4! 

1 'U c. 


f ; . 1 

b. 

14 j c • 

7 • 7o 4 

y... 1 

f' . I'- 

lo . 

■' * 13*. 

f 7 . 3 

ll..' 

23.' c , 

^ 7 . 

• . 

1 'S . ‘ 

3 > 0 • 

1' .77> 

n 1 . i* 

k 1 . 4 4 

3 b w • 

>• »*•'>*' 

* ■ 

^Ib . 7 ► 

0^ 


' . . 


C . 

• .< 

. 

-2. 7* 

K 0. 


41,4 r 

-1.2-;1 

2 0 .« • 

6 •‘•6 1 

4f ,22' 

- , ^ 5 

3 0 0 • 

1, 21 

4' • ,4'. 

. n 

&0C. 

7.4J1 

"•i .7,'. 7 

1 •4*'4 

Too* 

7. nr 3 

. 

2.-; I.-7 

1 - n. 

r> * 336 

?>* ,!'■ •' 

5.4. '7 

14uC. 

n .67 4 

61 * ( 1 

&.£ .74 

If 0 • 

ri.'iie 

6’ .27 

12.354 

23 C u ■ 

'•.1®4 

» 'r . 4 > - 

16. •* »'.*• 

3 >> 0 ' j • 

9,5‘31 

h7 ,'7' 

23.446 

36 0 4 • 

9.799 

6' .74,; 

29.254 

CL 

35.4b7 

i ' .' 


3. 

4.9f,'3 

1 t . n n I. 

-1. . .'2 

1 j: • 

4.«fct 

•9 1 r.r. i 

-1. 2 

2 Ju • 

b. 3f 

3 7 • 4 1 

- - . 5 • 3 

3vu • 

•i.??3 

2 : . 4 •' 

0. . 1 . 

5 J u • 

b.4’t 

47 . 

1. . 

7CC • 

• .424 

44 • i 

?.l4" 

1 . 0 i‘ • 

b.314 

4 5 • * B 7 

3.7p. 

1400. 

5.197 

47.72': 

5 . r 

l^CO. 

5.12* 

4* • 1,31 

7.947. 

23C'J. 

b. . 73 

•i 

1 .1.4'’ 2 

3 t ' . 

5. 34 

51 . b : 

14. 

363 w • 

5. .16 

. 0 . . 7 

17.. 4 7 


5' • 

7.7P?,' 

17,921 

-1 .779 

15 . 

7.4f ? 

?'» .4 36 

-1 .1*79 

rf' . 

7,r7'*i^: 

42 .P91 

- .347 

4 " . 

7. 77 

44,.. 'll 

.724 

6 J . . 

7. . 5? 

4» ,Pf 7 

2.134 


7.24'. 

*' .“.'f 

3. *55 

12 • . 

7,»-4(- 

*’,67f 

6.497 

1 • .. . 

7.*f 3 

>54 ,1 . * 

9.5«»l 

2 * * . 


c7,e,|P 

12.496 

«' r . 

f . f 2 : 

« ,17 7 

17,«23 

' . 

F ,C7» 

6: .22? 

24, 05? 

4 . • 

" . ; 4f 

6’ .‘’47 

5^,327 

5. . 

3.47'- 

2 '. .7:-i 

-1 .725 

Ibi . 

f 

4?.p:p 

•1.Q3S 

2* . . 


47,641 

“ • 336 

4 • . 

7. 19f 

51 .•j*»7 

.72? 

f 0 . 

7.f 7 

f.4 ,1 "4 

2.2U 

»■ r . 

6. • 6.» 

5t.36'» 

3 .765 

IT'. . 

fc .*27 

59,736 

7.114 

: 6 .. 1 • 

f , P 1' 

62.227 

1C.5P2 

2r C6. 

*1.029 

64 .216 

14.14e 

26 t* . 

9. 754 

66.626 

19.664 

33 C' • 

*>.662 

6P .P*>* 

26.731 

4 ,1 1 . 

9, *5? 

V ,7«2 

73.201 

* . 

4.**f 9 

7.7.95* 

-1.032 

15 

*..'"■ 7 

7'j.6»'7 

-C.752 

25. . 

5.13 

3*' ,4* • 

-0.2*6 

4 • . 

• .77. 

41 ,:i 7 

r.54C 

t ■ 

* .44* 

47.212 

1 .625 


5 . 7 f 9 

44 ,772 

2.170 

22 • 

5.2 4f- 

44,9? ' 

4.P76 

16 7'. 

5.1*6 

4t .426 

6. '*15 

r I. . 

r.i ■ 1 

4'»,*7 

P,‘»66 

r< ' 

5. *3 

5 .9''2 

12.M1 

7 i ; . . 

5. 24 

*>.* ,1. ' 

15,537 

4 , . 

5.' 1 7 

57 , *67 

l«.247 


O O 

.■n 77 


“0 c> 

o 

o V '. 

X {'• 

(O i 

c; ■; ' 
y I ‘ 
r • i'i 


-J 
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Card 


SAMPLE PROBLEM 6 INPUT DATA (Cont'd) 





CLP 


• • . 









c • 

7. .1 

4‘. ,!•' 

-l.^c-f. 

5 ■■ • 

7.. ' 1 

4^ ,lf 

-1 .498 





1 •< V • 

7.wwl 

4t .1? 


15-'.. 

7.2SP 

47,6“ 3 

-1.138 






7.676 

5 .16f 

-V.772 

25-. 

7.647 

51 .747 

-9.378 



J 


300. 

S.ll'i 

f * .37 

u. :■ 15 

4 - J . 

8.4 37 

5* ,72*1 

.1.845 



15 S 


5 0 u * 

6.624 

5 7.61' 

1.695 

6 . 

8.741 

5* .21 2 

2.567 





7i»U . 

6.»2i 

fe . .56"' 

3.44* 

c J i , 

P.478 

61 .747 

4.331 





1 -i & 0 • 

6.*<bfa 

6.3 .73 7 

6.115 

12 0 V . 

*•.'!(■ 

65,37“ 

7.912 





14CG. 

-61 

66 . 76 ^ 

9.7 1X 

1 h - '/ . 

9. -r-6 

67,4-»» 

11.532 





16GC. 

6.117 

6“.^t 

13.351 

2 - - « . 

4.149 

7 .M3 

15.179 





23(10. 

v.r.,3 

71 .?r.5 

17.® 31 

2 6 t. • . 

4.268 

72.427 

2U.701 





300C. 

6.374 

73 .76 

24.4 2'T 

3 3 .1 > ' . 

4.461 

74 ,65“ 

27.255 





360 0 . 

«.54t 

7* .4V'. 

3 0.1-6 

4 ‘ it '■ . 

9.C4*- 

76 ,496 

55.445 




HCL 

3b . 46 6 

-i 2. '4? 










0. 

6.«56 

37 . .;41 

-1.779 

5o . 

6.®59 

37,04 1 

-1.379 





100. 

6.666 

37 .041 

-1.374 

1? 0. 

6.46C> 

39,457 

-1.051 





200. 

b . 661 

41.86*^ 

— U . 6 83 

251. 

6.96? 

43.276 

-0.355 





300. 

6.964 

44 .6H4 

0.U13 

4 - 0 . 

6.473 

46.693 

0.710 





SUO . 

7.U04 

48 «25L 

1.4 08 

607. 

7.L65 

49.534 

2.112 


OB 

1 

J 


700. 

7.167 

5 i. .63 

2.623 

8 JO. 

7.269 

61 .595 

3.546 


e 

15 \ 


1000. 

7.559 

53.25 

5. 0 3.t. 

120t. 

7.619 

54.652 

6.569 

S o 

o 



1400. 

8.043 

55.875 

8.15b 

16C0. 

8.229 

56.691 

9.783 

“ ?tj 
•n ?< 




IPOu. 

6.382 

57.94 

11.445 

2:o(. 

6. 5(9 

58 .83<: 

13.135 





2300. 

6.66J 

b'.i .rs 

15.711 

26 61. 

6.778. 

61 .044 

19.327 





3(/00. 

6.6 u2 

62.^64 

21 . f64 

33 :c. 

8.' 76 

6’. 216 

24.546 

X }- 




360 0. 

9.'‘i41 

64 » ..■ 1 

27.24*- 

4; :i • 

4.1 lb 

6*.«"t 

30.881 

O 




N2 

2».. .134 

V 






J , . 




0. 

6.9«b 

3c .17 

-1.97® 

5 . 

t.«t6 

.17' 

-1.379 

r ■ ‘ 




i;o. 

t> . S f o 

3' .17 

-1.37< 

I’ .. 

< .* f 6 

4 ,586 

-I.C31 





2 '!i. . 

t.">r.7 

Mc,r 

-J.t r'7 

Tb V . 

fc.®*-® 

4“ ,4 .? 

-0.335 





3 J 'J . 

b.^61 

4 ? , 1 ' 

u. 13 

4 .. 

b.®'- 

47,8!“ 

-.71"< 



, 


SlG. 

7 . ..69 

4 ■ . 3 " f 

1.413 

6 3 . 

7.1*6 

5 .64“ 

2 .125 



15 < 


7C0. 

7.7 ji 

51 

2.65’ 

6.. C , 

7. ‘12 

52.796 

3.596 





1 toU 0 . 

7.415 

54,5, ■» 

5.1 a*" 

122!>. 

8.' fl 

55 .95 5 

6.718 





1 4 G w . 

6 . ( 52 

57. 21.' 

8.3 5 

1 b - n . 

8,7*8 

“.8 .32 4 

If. 015 





iHoa. 

H.Ll? 

5* .3.? 

11.7 7 

2 . 

*,f 1 

£ .222 

13. 41“ 





23ti J * 

: . 7 , 3 

M .4!* i 

ic. r 

: . • 

f .7 . ■» 

f ’ 

18, 63" 




V 

3«> u . 

f - 5 

t: .?•' 

.2.3 

. 

8 . P * 5 

6‘- .61 J 

24.82® 




36 ^ . 

‘ . V ; 

« • . : V 

c 7 . * ‘ 

4 . 

.. , r, , 1 

£‘ .’3 3 

51 • ''84 
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Card 


SAMPLE PROBLEM 6 INPUT DATA (Cont'd) 





CL- 

S'l.abi 

»■ 








J • > 

* • ' 

• • 

. % 

*■' • 

a .wfea 

78,6«!p 



{ 

1 L b • 

if 


• 

I*- • 

a ,OfP 

76,6*8 




2w • 


3 . • b V- ' 

. • 

2! . 

a.9£f» 

'6,6*8 



1 

30 9.1 



.. • . 

4’ , 

a,'76P 

J8,'i88 


15 ^ 


5b > 

*• . V 0 : 

J’;*.!''*. 

l* 7 

£ C- • . 

4.968 

4f,K2 




7C 9 . , 


a . ,',f - 

l.^®f 

; , 

4 .9f H 

a 1,5 71 




1 < U b • • 

a . 

a i , £ a 

7. a:- 7 

12 . . 

4 .*£? 

a.»,54C 




laii 0 . b 

a .-.ft 

aa.Jir- 

S.a7a 

lb . « 

4,9f,f 

a a,*»7*: 




1 A ^ V * . 

a.5»f f 

a , f. f 

7»e»f ) 

' 

f ■ • 

4.9f » 

a a, 1 a 




23C»..'. 

a .Sfwr 

af.77f 

**.«-ab 

2 t. r ■ . 

4.968 

a7,387 




3 J 9 . . *. 

H.^b* 

a , V ^ 

I3.a:2 

7* 7 1* ^ . 

4,9f f 

48.57? 



V 

360 C « c 

a 

a . a 

1 »; •« a 

a i’, . 

4.9fea 

49, *27 




e 

• . .* '* a 

• • 









. ■ 

• 

8 . 

a .9» H 

5, ■,!« 




1 b • i 

a,?£'- 

‘j . . r 

• 

15 . 

a ,rif 3 

*. I® 




20 C . V 

a.-bf 

f. i> 

a • ' 

25 • 

4 .*>60 

*.ri* 

aa 



3 C u • b 

a.^b- 


* • . . V* 

a .. . 

4,*>A» 

f..4a« 

i. 

j 


50 0.:^ 

a , '•» b ^ 

7.t-7 

1 . ,2 

f .• • 

4,»>bli 

8,467 

t: 

15 \ 


7 0 w . >• 

a .t 6<• 



)■ , 

4 ."fa 

9.8-? 


\ 


li.ui.' 

a.‘-b• 

1 : • : 

t'.aa? 

A « • 

a ,‘»b« 

1 I.'’, a 




lauc. ' 

b !. 

1 .' » { 7 

.a'^a 

U' ■ . 

a ,*)£ t 

1 7.7’C 




1 6 D C . . 

a . ® b c 


7,abl 

• ' « 9 

4 ,968 

1 4,44a 




2301*. 

a *^ £ 1 


'»,«'a« 

21 . 

4 .91 8 

1 *,748 



1 

3 00 b • i. 

a*V6« 

H. .a'l 

17. an 

7 7.: . 

a .®6^ 

1 6. 



36C ■•' . : 


; 7 . '‘ a 

:< .a 7 . 

a « . 

a. 96’ 

) 7.8M 




K 

?‘*.i 

: . 7 1 








( . w 

. * 

• ’ 

-l.a' ! 


a 

! 6 . a 7 a 




lor.,- 

a,'6.- 


• ' . ’vi' a 

15' . 

a ,'•'1 > 

7a, <•) 




2 L t> • <. 

a , b : 

36.* 1 : 

- V .a '- 1 

25 . . 

a ,®68 

77.’?* 




3 0 V . j 

a.«^b.>- 


• t 

4 '■ . 

4.«68 

79,7*7 


15 < 


Sv b . ^ 

a ‘ 

a ;,f i-^, 

1. -7 

A . . 

a.f'bf 

«1%77: 


A 


70 9..; 

a *s tt 

ar.t; 7 


t V' • 

a .Sir' 

43.2 . r 




ICC 0, - 

a,<56e 

aa.o ‘ 

3.ai-7 

1 2 1 . 

4,916 

45.21* 




lao 0 . : 

a .9 7 •. 

a * .*: n 

5.47a 


4,9 77 

46,640 




189 L • b 

a.PfA: 

a 7.: 7 1 

7,a^ • 


s • 1 7 

47,7*8 




23U0.0 

? ...tt7 

at .ai 3 

*■.*7^ 

26 0 b . 

5,2i3 

4«.;iea 




3tf 0 C • i 

L .a^<f' 

av.tr? 

1 

32. b' . 

F .C ;2 

* C.?«4 



S. 

36v 0 . b 

b.2a2 

n 

17.15C 

a.((( , 

7,111 

51.611 


9 , ' 
0*C 
O* 0 

1*5 ' ;» 

♦ •ao j 
A.4f a 

6. at*. 
n.asA 
ia,®ia 
18 . 3*11 

(/• ' 

9. !• 

1.^ ' ? 

’.a"** 

а. a«. 

б . ac7 
8 .a*a 

ll.a»5 

la.aj 5 
18 . 3*5 

-i.sa? 
-9.7*<6 
- 7. ?4(6 
2.5*'6 
l.*i ’'i 
p.a»3 

а. a8i 

б. af <) 
e.aAB 

11.P22 
18 .?a« 
18.81 > 
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00 

H* 


Card 


15 


15 



K* 

0«b 
100. •. 
2CC.C‘ 
30 

50C.C 

70 C. 0 

iooc.;> 

140b. . 
16C0.L 

2 3 0 b . i’ 

3 V W b . I< 
36 u u . >> 
KCL 

b . I< 

IOC.: 

3 0 . I ' 
5C 3.. 
7C0.: 

1 : 0 b . i 
1400.1 
161 u. 
23 V j . > 

3v0 •!... 

36riC.l 
MA 
O.ii 
1 J 0 # ^ 

• . 

30C . 

5 OC • «> 

7 » u • « 

1000. c 

14C C. M 
ieoi>. :■ 
23 w V . 

3 OC C . •' 
36 C C . C 


J. 0 
4.966 
4.96P 
4.961 
4.961 
4.966 
4.96B 
‘*.9 66 
<1.966 
4 . 9 1. « 

4 .9 bf 
74.t'b« 

o . w 

7. ‘'7 6 
r.**?- 

. 7 r H 

■ lb 

‘ ‘ . I '^7 

•r.li i 

'••lb: 

9 .6 *' 1 

2?.v'l 

< . 

4 .9bf: 
4.9# c 
4.9t-f 
4.«6? 
4.966 

4. «6f 
6.V6f. 
4.97., 

4 

5 . : 

5.324 


SAMPLE PROBLEM 6 INPUT DATA (Cont 


l£2.f "6 


o.r 

:.f 

SD. 

36.95 

w • W 

IBi'. 

3b. 95 

V • C 

251 . 

’6."'w 

. 

4 «,<v . 

3 * .4 »■ *• 

1., -3 

6 t ! . 

4 1 . 1 ‘ V 

1,194 

A : • . 

4 2.931 

3.4P7 

12C« • 

44.6 '3 

5.474 

16 . 

45.-52 

7.461 

2c m . 

4 7.(7 

1 4 5 

26, f . . 

4 C , I '• 

13.423 

32 i.- . 

4'- .2' ‘ 

It. 4 4 

* i- . 

-51 .; : 

# > ' 


5 . 

4 1 .u: 

-i.b?r 

15? . 

3.6' 7 

- . .P41» 

25. . 

5 7.1 » 

. 11 

4 : ■ . 

t 1 ' 

1 . 7 >• ( 

6 . 

t.4,7 '• 

3.5t 1 

6 > . . 

C-7.^7‘. 

f .?* * 

K ' . 

71 .'I-. 

5. '"’5 

16 r t.. 

7?.2?7 

11.643 

2' : i . 

7 5.t *» 

U.P't 

I't- ' ■■ . 

7r .1 

24.1-1 

57. •' . 

7 9 .'4 7 

’ .61 

4 . 11 : . 

2‘ .75 5 

> • >' 

-1 .4f 1 

f 

31 .2^ . 

- 4 4 

1 r c . ■ 

34 . 7 3 

- 1 . 4,1 

25 

3*- .74' 

• 

4' 

39, 2r : 

1. .3 

6i. 1-. ■ 

4 .95.4 

i."9£ 

1 1 . i. 

4? .7;t. 

3.4«' 7 

1 2 0 f . 

4 4,3'.'. 

L . « 7 4 

1 6 ui . V 

44 ,44; 

7 . 44 ,: 

2 «• . . • 

4 6 . t * 

t. , t, r. 

•,‘f 1 . 

4 i » 2 • 

I5.4f 7 

33 ■>! . ■. 

4^ , 14 • 

It.bbi 

4..0! . • 


tn ffl *11 


4.966 

36.95( 

0.0 


4.966 

36.0?.? 

O.r 


4.96P 

36.95^ 

0 . c 

s 

4 ,966 

76.370 

n.5'6 

0 

4,066 

4 C,3"4 

1 . 5 *i 0 


4,966 

41.823 

2.9*2 

s 

4.966 

45.877 

4.481 

4 .066 

45.267 

6.46P 


4,966 

46.275 

6.455 

0 

4 .Of P 

47. f’* 

11.436 

? 

4 ,<■£ 6 

4 f , p. fc 3 

14,01 4 

H 

M 

4 .Of P 

40 ,c jr 

18,7‘*1 

M 


7.57P 

44, 1 rr 

'>'■7 

P , C 3 

5 . f .9 ' 4 

-1.246 

k .57'' 

95.466 

- 11.47 

f ,6 5 7 

e.r.7: 1 

0.414 

f .079 

6 3.’.U 
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SAMPLE PROBLEM 6 OUTPUT 
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SAMPLE PROBLEM 6 OUTPUT (Cont’d) 
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8.7 SAMPLE PROBLEM 7 - MONOPROPELLANT MOfOR 


Small mooopropellanc thrusters are typically used for satellite atti- 
tude control. These motors impinge on some of the spacecraft surfaces and 
can cause local heating and unwanted cancellation of control moments. This 
particular sample case calculates the nozzle, boundary layer, and exhaust 
plume (including the boundary layer effects). The boundary layer is in- 
cluded since most of the Impinged surfaces for monopropellant motors are 
typically in the backflow region of the plume where the boundary layer 
dominates. 


The particular motor produces 10 
characteristics is as follows: 

Throat 
Area Ratio 
Propel i.ant 
Chamber Pressure 


Ibf of thrust. A summary of the motor 

.008333 ft 
50 

Hydrazine 
180 psia 


The geometry for this motor was specified using the point specifica- 
tion. The throat section is a circular arc whose radius is .015 ft. The 
points in whe throat region were calculated from the specified circular arc 
in the same fashion as was used to set up sample problem 1. The remainder 
of the nozzle contour was generated using the same procedure as Sample 
Problem 1. 


The equilibrium/frozen chemistry option using the TRAN72 results was 
selected. The monopropellant chemistry model described .n Section 4.4.6 was 
used to set up the TRAN72 data. The TRA’ 72 data shown are Sample Case 6 of 
Section 4. 

The nozzle solution was initiated at the throat assuming Mach » 1.02. 
The nozzle wall temperature for the BLIMPJ boundary calculation was taken to 
be constant at 1000 R. 
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Ms {jartlcular case required Che boundary layer to be calculated 
.wl e. This was performed Internal to the BLIMPJ program because after the 
first calculation the boundary layer was sufficiently thick so that the 
pressure at the edge of the boundary layer differed from Che lip pressure by 
more than 10 percent. 
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SAMPLE PROBLEM 7 OUTPUT (Cont'd) 
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HACK 


U«^fCAt«M MR CMit. 19CM XMII M9M AMif 


I ««it * CMt|« .PO M t .MM .mm .I4IU»0* } 

tmustt antisuu^ . umtHu 

—I Hi ■•■ .^MMaai .aaacA^^ia 


.MmM 


^isMf l•tc4••rtM nmiR 

tnui £i 2 tti_. *tat 2 ftuu juu ly- 

«MMV .MM .MM 


.MM .MM9 .V4VRI*** 

uduiiAi -RittMJeJL J?azit«a. 

:?« U «Hk • CiMli mitiT-U OSi22*« .alSHi^L -Hatl liUSi-fS i 

.t7«l**01 .S^ M ’M 


MCSSMT f»«fCS«TIM rtMAIR 


- JK 





MOOM .IS«2SM*00 .IM«Or*Q| .MMMT .MM90l» .ISM7I0*M 


ir«|«4-02 .IMt2l5*M 


.•1SMS202 .tS*|A«R«10 .tOMMb .ISMtia^M 

Hi i^oI^2 '“.Tsao«i**m .?a^2?*ei Tmi?7T.i»i i*«« .T»b»iib«M' 


.ATt«S5S*02 .ISS««2n.S0 .?Of1QI0*Ol .l20UT«*at . aMO OC .ISM2ia*M 

TOiMwi^oi .itaa>ia*ai 

. noMVoi~.7suM r*oD r»«M2M*ci .aWm?.®! .6aM« ’ .Tsaiiiaiaa^' 



•l'220SI*ai 

.isi«yifi*ap 

.yoyy2«0*oi 

.SA«mOV*4t| 

.2i>too*:'0* 

.IM2I0*## 



.lysTiti^bi 

.ISI2«lR*OS 

.Tr%*2y**0i 


.OAOMne 




.lAMoyo^jT' 

*.Ts20o*wrc 




.iiM2IC*00 



.2R*»A9»*qi 


.i?yy2»y*ai 


.IS2?02*«r9 
00 


.jSMtc«*no 

.isiy»i»«ro 


.yos3i*«*oi 


.A»l-*»00*0l 

.M2yAll*0| 


•‘••'I 


.3*}»TQ'H. 

./A*10«|>0I 


.tM2ia*M 

Lsaono*aa 


.^Mysv'-oi .owicu .isav>(>*M. 

.»ICiylC«»t -.10521 U*M_ _ 


IT>>TiJ'U'i rt-.il. 


iJlU^!l* 00 . .fll$* 0 *ai .• A5200t «C> ♦.SOO^QIM . hooh om 

.IRM^iOM 


.«ssy*io*oi .isao2ia*aa 


isoyuy«90 .Ryi‘*4M*ot .4MiTsy«ci .aooooot. .iSa»>iO*co 


.iRa«2ia*M 



.i»>oa co-oi .M y nya^oo . y<4M 0c»0i .Qoooaoa r**Mjq;af 


roorr< 
««««7 


intcf0«f{o« *'isvit^ 


.2I*J*«0S 


8-134 

LOCKHEED-HUNTSVILLE RESEARCH & QiGINEERING CENTER 












••«7lT-ei .IMaa**! 

iMti» • c 8 *f:« .i«i*vyr .oqom i 

. - . ^ •%t^zizAi tiiiM*ai 


^ LUC^Aa. 

/••:«5^»TS«4XinJ^te« C AUi^TlT fTltHLMll _ 


••e« i^ir P9ft*t0tt 




II ikTia • Cf«T| 


10 latia - CMvia 


.«ir«1*0t 

•Yiiu^at 


ri<it>ei 



.ifo#9«oe 
.99911-01 

.i«Qrt*ai 


.I80l^*49 

«II«0«0I 


.lTI”*Ot 


~^iftft)ft*ot 

.IllYO'O* 

.IftAH-Al 

.tlAIl.Ot 

.AllJu'tAl 


.|7«70*« 

•lYftftft-Oft 

.•09«<»>0i ' 
.U0JJ.*W .. 

.liTfY^ 

•199«*«OI 


.••t«t*st **iM««*w 




latLt rC8afi« 


}< faiia • CMfia 

UHt ■ 


.Ill««t09 


’ft f«f|t - COaTi* .«T||T*fll 

. - 11 * 1919 ^ 


9ft liifift - 

:« lMJJ^z.£Mlia. 

i*»H» - coafTi ■ 




• 190 M »89 




•i*ft«o«ac 






_ <saii 2 ii. 

.irrif-t* 

• MI 94 « 8 I 

• 9 iv«ft* 0 « 




~TiMl.il 


Mm TniinM — ;nMi.ii 

• . .Itft ti.Qft _ .|UI|*8I 

•amm •Hiif.oft .ii 649 .«* 

• .ITftlfM 

m-Ji— 

.MNO .Mti«»Ol »IM* 9*88 

•ftom* 9 i .luii.o* 




.M9M .Mlftl.lft .l«a«9.9l 

• «|«ft9»tf .IMIMQ* .|MftT»0l 


.ftltft’^tf .IMlMOft .IMftT.QI 

■^rs^-- — \mvx- 


. 9 »% 9 e' 9 ft 


• .60018 •Mlli* 6 ft .ilQt 9 *oi 

.iTir^.o* .iiftii.oi 

-tilHiHi— — ’XTy- 


• rltftf.tfi .60M 

• •ftftftt**jf ipft 9 |t 


.9Mftl*Oft .Ii0«9.ftl 
.IIOM.OI 
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LMSC-HREC TR D867400-III 


SAMPLE PROBLEM 7 OUTPUT (Cont’d) 


n^nrii rem^uttP PkU*a ^m 

. . iujt w*. c. - . , . tMU n 

iXlML-til tMMXl£JL£lLi^ . _ 


••4 

iiiAi 

tvrit/ 

. a«C.TM 

t 


m 










*«aCM ««<Lf 

r*f i'crc 

ft » I r » 

TfPrfVAIVM 

4«l C«*St. 

tOCAl CA— 

!•«<■ a»C4f 


-• 

*l 

lK*f « 

- :Mri« 





.00009 


.l5Pt9 •UO 





- 









.. 


UHl 

. rn*rt« 

-Cl 


.•ri<i«ai 





, 








4«tr«ft*pt 






• J 

lAlC* 

- CC«tx« 


.i*f !*-ae 

.•*«*««?! 


.00009 



1 





-1 




_ -9T01«00 


- 

- 



..1 1 






IMfltl 









. t«r«o*ac 

. »?<•-«« 

.«*pi2*es 

.ir*7l-0* 

.1SP00*0I 









,»f ri7*ei 

.1 fp*p««2 

.AMMI 

.Yjsy«*o* 

.ise«2*4« 

i 




- - — 

- -t y 

-2l22A*Mi- _ 

. «22JMr«9 




- 




-mm. 








_iiVT'*ai 







. 1 *s««*oc 

p* 

. 1*«P0*P| 


• 1 lOO^^OI 




» ? 

rkm-mm 

- :c«*i« 

5» -f 1 

,i*T*7-aC 

.*! 


~ .^00 ~ 

fsAi f^e* 

.it*«7-00 

1 





•f «2£I-fil . 



-«2M05^ 





. It. 

LA 






.y^r>* \may 




, 





n 


.s» r»e-C? 


. JT*7I-C* 

.1 1002-0I 





rn^-mm 

- 



. »; ?kT»oi 

. n«ci*p? 

•poon 

“ .Trn?^^ ' ^ 


s 




. _ . 


-- *AU:Xr.Al^. 









rM>a* 



^ 1 • i ^ 












.*• ir«'C7 



.ir«7i*0« 

.1 «#02*0l 





r4*-4a« 

- CO«T|« 

.'MC*-ri~ 



.•71 

•orbco 



1 









_ -JT'Ji'fi* - 




V 





. .l*7^2-ZL 

.12!1A«22 

.«*AftA*C2 

BAMM 

.7t22fO* 


9 





.•»< » *•©! 

.•««! 1*0* 

- J7'.'P-0* 

.7#p&ft«a7 

.xr«2i'0* 

.t*P09*C! 




»:c:iu» %M»i "MC Ta r* ^eratiii ii^M? ***#f Mr* C*ir TCMisitfC.. 

■ nn^irnir comuirnnftBTr. .. .... 
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LMSC-HREC TR D8674U0-III 


SAMPLE PROBLEM 7 OUTFIT (Cont’d) 




.... _ AI&IM XJS& lit £MltMLl.UC&AJ _ - 

.iir£*vja*Si .mii7«4rai- . — s«iayiu6Jri2 r*2ULU0S«89 

.&a 



rc«rir«« 


•t**> . .. _ .*iju*w 

•; .uMusaa tuatfla - 

.*9ri-ai 

rwf rwi it «t T»«T - ij. <#;'<*« 
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LMSC-HREC TR D867400-III 



:.«9c>oi 9.soo»di 

l.^«T-ci 

i.4x*-oi iiiii'-U 

l. 4 t*- 0 t «.«>»*?} 

«* 1-^ 


S.tJT'OI 

t.*7T-OI •.Ma«02 s.4}4>6l 


•.i4*-r2 

».«S«-b2 

TrTT»-"5T~ 


7,Mr-02 

jLiiazSi- 


l.«»l-01 

r.ir»^ 

'i-l7r*cj 

1.172 >01 


I.I7'-0J 

l. gTyOl 


7.»s*-r4 

f.liiT'**’ 


.171 

7. m« oi 

T“.n¥26l 

▼.i««*oi 

T.in^oT 


*«.0««<07 
>«. I«*«02 

-i;nr;#3" 


1. woo 


^1 ^.2J4«32 _ _••• 

•oT •n.TTiHs i.*ol*W 


4.M7>I!4 

‘i.oio-H ■ 


.7II*01 
7.714>01 


*4.*J4«02 


).«07*O0 

).«Q2*M 

J.«87^ 


*.4»7.C€ 
• ••I7T0 
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LMSC-hilEC TR D867400-IH 


SAMPl.K PROU!,K'! 


7 OUTPUT (Cont '(i> 


ffcu* tfifa tu>^un*ct »ut ft v^uiu— c»^ii»«cc 


itc««tre «KMt ttJ ir ifi.ttH !■ 

liar ' frr« I«Ht 


.OOC ;.7ft t,99M .««5« 

Z.llf 

.MB l.to* f.fVlTt .4 

.9«(> }.i9) ?.imt 


;>o/ u I 

*.‘0; II >i.s*o« I 

t.«^T It i.»~fli ie 




••SII>S ty-t «A. u>»^ 


“* rtr^p^tbsu V«TV«Tti 

i.i«?*ei i.BOt^e^ u>»s*w c«b« 


Tjnw — 


B.III'OI 




|.CT*»T| 


■ All 

^«C 

i«f /»; 


' r.9»T-ri TTo 




■>••••» f V 


nCiirkiAt r«ts Cli^w9l«t rtimS FM 

TiTirm — 


o.tce 




|.r«t 

'HTFfSTii "in TliWfmfffrTcIT^iT 

tm, f 


•.£•0 


r9m i«ias «<«r TBi 

CACFF. CHFF« 

f»/7 

f.r»a-CI l.7%»»«l BJ 


K*kl»^ Fa»«a|frffT 


HFF« BT B«X*«C*STI 


"▼5Hr~ 

B,oca 


T^ni ru 

■.CttT 


MMfar^ biiKbcc. crrccTifC **$7 TH«c*«csf ri# 

»M|CaaI_S>,fw| CaBtSt> MB? »yi*C» 

Ttiffi ■ MI.SVM CISctKF. rt» 

rft I F»|f fft* *•»! F«^tt 

-B.SBV'OB ••S27-C4 B.BBi 


1STU «(»1 «««*t i«vi«rtp 

»g 1*$5 mi *X» 1« %L 

• /• «Fj1 iiTT 

->.aoB i.it4-<2 C.B»C 


ivtat 

|fc H. , 

l»/S 


a'»c«v _ 

it* ciiTiicf ^ 


u'wc WTff' 


F — a imt, 

FU» itF/F2 

C.ClB B-CQD 9 . 9 UC q.90C 7.IM«CJ y.CSF»Bl 

2.4IB-CT «.I2«>35 ;.|«I»no 

4,ffO* CI 

t. •»!•«* t.2«l*;S 7.737*09 ».«l**Sl 

-tiIa2-Si_J .<*^* 00 K4T^>ni 1.? »»-*.| 7j;i2*at-.til>!?gl. 

•.•a«-€7 l.l}7>C7 7.t«4>^| l.*««*O0 9.«4«*C| 

i.»*^-ci i.»v?-ais 4..041-B7 S.3S0-T1 *«7ar»ai 7 .fm»>ci 

•.t)**0l 4.*?n««S «.070*aa 4.714-3l l.SII-9l «.***>nj 

♦.7 1 ••Cl _ 0.3»t-9» l.C^ 4 »riC •.a*0-3 l _ 4 .S<M*-a7 7.f 1**CC 

t.f<.Mi*0e I.7FT-9* l.5*r*Oe '•.50«-ft| 4.|4?-07 

1.7i.!*f9 |•4B;•t4 i.**u*r‘: 

*.^•00 1.0V|>04 4.TI4-0C l.*»O0*i0 n.09«l d.ruA 


~TfX~ 


7.t40»07 


0/t0 

I.04I* 


— t t n t f — 

TTil 

01 *I*«M*02 

ir=Tnn^ 

07 •I.104*e2 

02 *l »200*02 

-{i'“^.|T**02 

02 *T. 444*01 




•01 l.S29*0| 

>02 |.••T•02 

•02~ 7.'M**82 

’S« U?®?*9{- 

•ei 4.141*02 


1.4M* 
».|43*37_ 
4,«4iici 

4.07^*’‘7 


1.-22.02 
7.474*02 
i. *40*02 
1 . 1 74-Ci 
*I.0M 


.0.7T0 

-l.74r 

“i.7T?' 

••.414 

|.•J^ 


llitgact M«Utf tittOSi*? I^^CIFIC r*F*»CTi ifftrriit nrircvi.** »•«** >Pfi0*t^l 


aOfct 




FIlT 
l^OBC 
7.4I4-07 
4.0A.I-LI 
1 . 4 fi>c* 
7.iA?-C4, 
«. ► J»*04 
1. -Ci 
4 , 4 ?C*« 
0.S4r-ci 
l. 71 »-C 4 
« .« 


10/Fl 

1.140 HU 
L^0&>O1 
l.inHl 
J«l40sAl. 


t0/»i 

k^l 0 }- 3 S 

I.I4Q-0S 

u»v 

i.*0«*ai 


4/lFH 

•.f4|-*'I 


4/VF 

1.4A1. 

l.*|F 




.^UMUVt- 


i. 407-31 

4-413 ~t 


I.4S* 

1,420 


t . i* 4 >at 

l.fiU^i, 

4.7O0>«7 

l,: 2 O- 02 . 

t.C4|-02 

4 . 110-02 


l.414-<*» 


1 . 714 -OS 
_l.Ai 4 -AS 

7*:ie-0s 

I.IUbBS 


^.• 77 -■•| 

..S,«07.-li 

4.144-^1 

4 ..l 0 l- 7 i 

4.S14>4| 


»-n 
s.rji-ri 
s.rai -ci 
cs S.rci-ci 
ilS S,Cfll,T£t 


v,oii-Qt. 1.120*01^ ii,ooa c*oaiL 

S.coi-Cl 1.420*01 1.400-02 0.000 

U17i*21— 1^0*fi2_C-QOQ 
s.noi-n i.T20*ei ;. 021-01 o-eoo 
S.B61-Ci l-l>4*ni I.ti^.ai 


. a.ooo . . 

4.000-01 
.- 1^003 tftl 
4.oor».«t 

i.aflfl-ai 


7 .i;*‘ 

.r, 4 t 0 .‘ 

2 . 7 ST- 


S.f*ci-ri S.roi -01 I. *20*01 3 . 000-01 0.000 4 . 000-01 

;£1 -S.flci-Cl.. l«J2ft01 * *«4-*« * _._^.aOQ-^ 

■OS s.roi-ci s.oot-Pi 1 . 420*01 1.001*00 0.000 4 . 000 -ei 

at 4^fci »Fi S.e&l-Cl I.i24* fti i.ait*Bo fl.afl ii l«aOQ-fll 

OS s.roi-ni s.coi-oi 1.120*01 1.010*00 0.000 0.000-01 

t.roi-Ci s,aa;-fti i-4>a>4i p. 


1 . 4 U-C 4 4 . 111-02 2 . 204 -os 4 . 101-11 1 . 401 -OS S. 001-01 S. 001-01 1 . 120*01 1 . 020*00 D.OOQ 


0.000-01 


•IMI C0UCO 


CM.n S 4 ii,t»n i 0 M»it 2 i sFii.i.ii srii*i. 4 i s 0 ii.i«s» S 0 (i,i« 4 i vn.f.n s^ii.i.#* 


Q.TOf. 




1.07*-C7 4. 404-07 P.OOo 

7.S\0'1U - l-rcta -ttl _- l-7aa.i7 

1.741-07 7.444-01 -I.r|4*n7 0.933 

1.^2C-Q2. l.SOS-01 - 7^014*31 J1.030 

1.770-01 4.444-01 -S. 114*31 0.039 

l.JU3;fiA a-»«i.na n-ii33 

7.010-Cl 7. *44-01 0.«47*ni 0.030 

>.017-04 0«SSt.HU - 2^1*.4* M _ O.ooa ^ 

I.OvO-OO 0.SO0-3I 4.S00-97 S. 111-07 

I.ll0«oa J.4IA30I_ t^*l4*M _ 2^7j-07 

7.^U0•00 1.000*00 4.n24*97 1.001*01 
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LMSC-HREC TR D867400-III 


SAMPLE PROBLEM 7 OUTPUT (Cent 


’d) 


iMjux fiii.fifm it xts» 

rxar mmi rrr« «io**CMVwi Cnrac* 

SmSin .5W»^2.-02 ILM .I’flL. g. 

«*HlC «.MI l.•/«*l.90ao II -«.l-r*l P '•.••91 


H,'n« ramiM f mml ml. tt itf _ Btj at . 

rcc? Am r/f r:rfuw9««i ttv cntn vcaae tceMO 

«^>xr 0 « y.yifii i.xi^oi i»*»i- ci y.i» 9 *r o y « M»*og o-oeo >, 9 »»*oa 

. aiu rm fum Li/ui tuiaiUL ri» oi/fuam.fufjtu u/ifi y« 

%miM 0 *fC«««MCtL »T«Oi fHA* TOfai TAl 

i9r/r; ■fwcvAW - - — _ _ _ _ - 

».l 9 r »90 9.000 O.OOO 9.909 O.POO 0.**00 


mtm »•«%•«•? TOANS »AAA4trC»\ MASS tAM^rfo COC^r K ICOt S . 

CACfi- tiff. imrnm. n AMWurAsli lot -fM 

C* fl It «0. rvOOi OAt '‘fiA* TOTAl fAl 

L**f— C> aiWg _ fi»QQft _ __ ^ 


•■"•fBfc* tlS»&ACf. irrrc»i»t AfvvoiM i»A»« TMicvM'st fa* 

iw* lA MtsrAO cisntc*^. iA»ocMi rt» rorf 

'It* ru* 'LL! 'tf* 

2 .it 9 -o\ i.o«;* 0 A o.ro** 


in*i mtai iM«usr *0*«i icrctCvAMra vo*ai 

^ ~^ofi trtt ^ it/s it/s' 

_ . I l.fJ 9 -r 7 


•C*1 lafOArAfstO. 










t *A 

oittMcr 

f 

u/ot 

Tpr 

SHf A9 

9. total 

rp 

099 

JTATir 


r»0» MU. 








CI91HAL9T 



ru» 




Lor/r. 

9/L9 

i/Lt 

• /LB 

B/L9 

OfC-9 


&.C09 

o-oor 

g.ocQ 


?.I9>-C0 

-I.AIO-fTO 

). 959*02 

2-I93-0) 

-1.9)3*02 

t. 000-0) 

•. '«7>0J 

•.•Tt-OS 



l.«tf -00 

i.iSA.ra 

-1 .7*T-''7 

9. 71 )«02 

2.0S9-0) 

•1. S0f-02 

|.Q2i*0) 


l.7]A>0* 

5il)l*99 


|.l9«-00 

).I|5-C3 

-1. OJA -02 

5.T*o*02 

1.997.0) 

-1.199*02 

).t99*0) 




2.5IC-1I 

l.)|«-00 

).C2*-CC 

- J.97»-ri 

r.)75«D2 

5.200*02 

-1.097*02 

1.099*0) 

OaIIItCa- 



J.519'11 


2.9S9-CQ 


7. ’95*02 

-|.«C9-02 

-l.072*C2 

1.040*0) 

•.•if-c; 

S.2*9-0« 


•.927-ai 

*.I9«-01 

7.f T9-C0 

9.291-CI 

9.939-02 

-l.9|7*0) 

-1.210*02 

t.'i)7*oi 

t.lM'Ol 

•.7A«-9« 

;.cif-ai 

9.C?*')I 


2.T2IT0 

7.U9*r2 

T. 921-02 

-5.1 70-02 

-1.991*02 

9.555*02 

.'-'»l-0l 

l.•M*0> 

9.901-01 

».9))'3I 

i.'o'-oi 

7. *9A-'*C 

». )99.c7 

l.l$T-02 

-9.9)1-01 

-2.599*02 

B.0)t*02 






l.A.r-oo 

9.7AS -r7 

T.'*|)-0I 

-1.9QI-0I 

-1.257*02 

4.B20-02 

l.'gC*C0 

*.7a»-0S 

1.)'0*90 

9,900-'’! 

2.22*-C2 

♦.?i<-ri 

5.)S?-r7 

7.90)-0l 

-5.9«9-(IQ 

-9.097*ff} 

i.iii'Oi 

1. rAi*0tt 5.*2a>oi 

*.a9«*'Y0 

♦.*99-31 

1.392-02 



1. •39-01 -T.930-00 

-9.100*02 

9.9)1-02 

7.*09*00 

••«a5*OS 

9. 929 *00 

I.OOOvOii 

n.Q 0 <' 

o.ccr 

A.0.9 *r2 

?.'*00 

•2. 919-01 

-9.9l9«02 

9.M2-02 

1 ntAdct 

0( •>)**? 

9lSfO«ltT 

S^*’CIMC 

Tar MAI 

♦•AkrTi 

«"firrir 

aOLf ClK*B 

MAC** 

•w«59«t9S 

fV«9WlCllt 


•**0 

av 

-f AT 

COM . 

AI'MI* 

'CM-II.T 

9* ICmI 

«!!»•(■ 

/M*0C AMof 

^AliOfi M 

'U* 

lO/fT 

L9^'l 

•/Li •• 

9/S*^ -• 







''.CuO 

• •9A*‘‘0« 

! .5it-'*5 

5. •99-11 

l.f )*-MS 

s.ri I-' i 

'.': 0 I-ri 

1. *29*01 

o.oor 

o.ood 

6.66b 

• -•tl-C*, 

•.TA2‘0* 


4.9C9-1I 

1 ,*9«-'S 

S.r , \-ri 

' ,r. I -'-1 

1.129-ni 

1.707. Cl 

A. T57.fl5 

9,000-01 


•.<a9-0« 

1 .99t'‘*» 

S.999-11 

!.T»9-09 

s.rn.ri 

^.OGi -ri 

I.T29*0I 

T.97*-f 1 

).9t5-03 

9,000.01 

i.tjs-fio 

. 9^501 -AO 

L.A&I-a&- S-tAA.ai l-lly-ao 

-WAirXl 

S.OaLjQl 


. t.ias*Qa 

.^l.UIrCt 

Ui)ga-4U_ , 


•.A99-0* 

I.9)r>j9 

5.922-'1» 

I.f9»-0J 

s.rn.ni 

^.coi-ri 

l.)2l«0l 

1.9)9*00 

). 957-01 

9.000-01 

•«29«.<Ot 

5*a«a-Qo 



uSAfc-ai 


.A*£C1-C1 

.. 1.329*fil 

1«9U*00 

l«S)3*iUl _i*llflB‘iU. 

l.*i**CI 

A.029-0« 

1.IS7-09 

S.T|5-')l 

I.JIT-OJ 

s.roi -01 

S.rgi 

t. 121-01 

3. 995*0^ 

9. 797-00 

9.000.01 

> Ata.nt 











•.7a*-01 

9. tS«-0* 

T.907-99 

<.9»T-1| 

9.9««*09 

S.OCI-O! 

5.001-01 

1.529*01 

9.159-00 

1.999*01 

9.000-01 


«*A40-00. 




S.QQl-Oi 


.J«591*l>a 

l.«27*01 

^2«aiiO*oi 

•. <A4*0I 

1. 0)9-0) 

9.920-09 

S.92$-1» 

7.997-f)0 

9.oOI-r| 

5.001 .fil 

1.920*01 

9.45)*0O 

0.000 

9.000-01 
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LMSC-HREC TR D867400-III 


SAMPLE PROBLEM 7 OUTPUT (Cont'd) 


ULtAlL&.UUULl. 

ftA naf »i.pm rrfH rasoa MO«<Nfw Caf«Cv 

k ^ .000. 1 1 -i.r-fli * ’i»4«ur 

.e«0 •.7SI I.«I««|.<1000 f.-or II -a.l'dl $ '•«0«0l 



«CCM««ic*i »T*OL rN«« Tor«i r«s 

.nf at gtfltyH-.. .Mi 

S«ltV*DO 0.000 0.000 0.000 0.000 


ItOa »c*as mCat ioms 


»*»«•« UBS 


CLCBCOIM NASS fAANSrrO COC> f IC IfNtS, 


rOMCN’NN OISNLACC. (rffCTItC CNTNILNT OfVMIlOS NASS tN|CNN(SS fQN 


iNCiA oCiSiAo oiisNiAcr. itnoDA i^N ro«*T 

„^aii_ -tuj tKi-.. ..uti - 

A.122-OA 2«2TO*0S 2.270«0S *.200-«l« 1.0«I«0A O.COO 


loiki MTAt TMOuSr 

ifi MkS k^i 

N/s itori 


Jn7oanat|M 

CT« OtSVANCC 

M*fck ■ 

rtiT 

T.OvC .0«OOC - . 

«.7*?>0S A.«7|-05 

t«2|A'0« 

A.2kS-02 7.A5A-0* 


rOTAL ACCCUAAIIPM INVl«Clb fftAl 

MaLL AgA »AOkltfUB-0 MSS IN NL QiSS lNJL . 

cr/i lO/$ lO/S 

a.T ^y*07 1.22 ^-ff? 


O.QfiO . 0.OOC . 

A.fJk'OA S.007*')7 f.«l»*na 
.iiiir-oj i.m'SL J-?***90 
2.IOS'07 7.Sia-*ll |.)1«*00 


l.)>«*0i A.7AA-ttA 
7.*>f|«0l I.ASA'Ql 

2.t«2l>0). 

I.>'C'0*00 •.2a7*0I 


7.Q.|f-ai A.C?*“3L 

s.Aoi*Qi 7.sn*bt i.ioA-ot 
L*KQ.*Qfi. I.ITI-QI 
i.no*oo «.soo*oi 2.ti«~02 


SMfaN A, Torai 



iOf/r« 0/tN 

i.iAT.od •;.«|0*o^ 

l.tSA.rj 

I.l|S»Ca -|.01A«A7 

}.C7A*eO 




O/iO 

i»fS9«o| 

«.7|S*o2 

S.TaO*02 

Y.S2S«oi 

?.7*S*0 


o/io 

2.|«J*0I 

2.0Sf*0S 

t.A«7*e) 

S.2ob*02 

<ot*o 


7.S(«0*00 ••SaS‘OS «.S2A*00 i.ooo«oo Q.oor 


2.7;t*r9 2.itfA*r2 

2.*AA*f*0 1.iA«*02 

I.A22-09 *.2kS*r7 

t. 21 S-Cl S.SS2*r2 
>.»S<»O I S.T2 A«r»2 

Q.CCO 4.029*02 


9.021*02 

l.1S2*02 

9.^11*01 

2.001*01 


-S. 190* 09 

•A.oii*oi 

•|.00|*0I 

•s.oa«« 6 o 

iiASifcg. 

*2«0lf^l 


STkVIt 

CWlWALNt 

0/t* 

-|••S0*02 

•|.SQS *62 

_M.IM*02 

-i.6«t*02 

092*02 


2 

*1. 401*02 
•2.S«0*02 
>1.2ST*02 
•o.oof^e? 
>4.100*02 
•A.AS0«O2 


OCC-0 

1.000*QI 

i.02f*0S 

1.040*01 
I. 044*01 
1.040*01 


O.SSS*02 

•• 0 ) 1*02 

4.020*02 

S.1l)*02 

4.011*02 

4.002*02 


.1 IStANCC IJSfOSITt SN»'C I9IC 

fk(»n MALI OHO ' NU **f«9 

^ 9tLl Lt/ri_ le/M _ o/it-o 

O.OUO 4.040>QO |.I09'M S.OOA'Tl 

•.«91*0S 0. 9 42-0* l.*i?-9S S.kCO-ni 


2.410-Q* *.S40-O« l.*«l-''S S.9«4-'U 

$.2*0-0* *.490-0* l.«ir*3S S.OljToi 

1*200-04 A.OIfl-OA i.ll*-ns. 

I.4SA-PI 4.024-0* I.IS2-QS S.71S-01 


THforu NOkarti Nootriir NOLfCinAo nacn 
CM r. «*t40tO SCHNftt ' W^UMt NU^CO'' 

_a/sf-o _i!VCOC‘ 

l.f]*-3S S.rLi-rt '.fiOl-ri i'^*20*01 O.OOC 

t.*^-nS S.rci-Cl S.Owl-CI l.t20*0l l.407-0l 


1.M4-0S S.rci-Cl S. 001-01 1.121*01 9.I94-01 

JUMl-flS SJCH1--CL— 1..0ai-fli -X*A2A»01 .. l.iOStOO, 

1. 491-os s.rcf-ri s.coi-ot i.m*oi i.»i4*oo 

i>SAC-fli 1.TIU-C 1 — i*AQi -01 j.*i2i*Di> . 

1.I17-0S S.roi-OI S.roi*?l 1.}2t*OI 2.49S*00 


OHOS04|NS TUOOMCNt 
/ONOtoiiiit HoidfL NO 

~ 0.000 ^6rW5 


1. MS-02 o.cao-oi 
-l.Ul-01. _a*ooo-oa„ . 

1.4S9-01 4.000-01 

4.9*9*00 9.000-01 


*.749-01 4.1S4-0* 9.007-O4 $.«99-Ol 

•.S4S-0I 1.039-01 4.040*04 S. *75-91 


«.5«*-04 S. 001-01 S.OOI-OI 1.974*01 *.IS9*D0 

_ JUiBU -*tt i^*»4#m 

9. *47-04 S.OOI-ri S. 001-01 |.120*0| 4.441*00 


1.4*4*01 4.000-01 

O.ODO 4.000-01 
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LMSC-HREC TR D86 7400-1 II 


SAMPLE PROBLEM 7 OUTPUT (Cont'd) 


tBAZIA- 

0T6-ft 

_A^5A?-0l 

- 

1.2)0*0I »,l*0>01 

i.isr^oi ».nis*ei 

. juUAtAi-- 

*.UI*07 


%*tis*0o 

2.U«<00 2,fc%»-Pl 

■ -Z.UlrOZ . 

K»*9*oo ;.70»-p; 

i.:i:*no i,Tjfc*C7 

.^•lU‘0i l.ltl'U 

r.7l**0l 1.717-07 

. lASiStAl. 

1.790-Dl ».S17-PS 


». 470*07 

«.7*S*n7 

».0tl*07 

$.4|4*!»7 


5. 511-01 
5.55 4-«l 
5.51D-0I 


«.r5«-07 

7.f|*-07 

;*CJ»-D2 

4.1I*-C7 


5.»«9*r7 <.Mn-0! 

&.346*L2 S«J9I>01 . 

5.«*7*0i 5. *40-07 

i,isi*ci .3*101-01. 

5.7%**l)2 


t 0»r\ 

Z«U7 

j,47*-r3 

I.74J-PS 
_l-7»-Pl _ 
l.64»-7*5 
. lj4Zi*0l . 
1.541-CS 
i*4Jt‘CS . 
I.7I7-PS 


7.474-01 

. z.iu-oi 

7.7I4-01 

2.09**03 

l.45‘‘P5 


4.t«7*01 

.. j.m*w 

5.IOS«03 
5.404«01 
*. 747*01 

^0B1*JU 

4.104*0] 


1.4f«*07 

1.071*07 

1.117.02 

U0)1*C2 

••714*01 

i.n4*oi 

-4.177*01 

rl.«lU*0Z 

•I.f70*07 


5.474-07 UT4«-ni 

^.fi75ra^ . ^14^.-OJ 
4.r*0-07 I.$47-P1 

. .••IS4-02-..- IaIOCtBI. 
4.C47-07 |.41*-PJ 


9.42T-r4 *.040*0l 

-i. Ill -CO ,i. tonal. 

4.115-r4 4. •14*0) 

•.•11‘P* ••fll*Ql 

•.4«i-r» *.«47«0] 


4.75’*C* 

4.DI7-P4 

T,ri7-r4 


7.044*03 

r.aia«fli 

T.0f0*0] 

_J.llL*l!i 

r.i2««ol 


•i.S4«*o; 
.'Ii4ii*fi7 - 
-].S7«*0* 
‘1*I40*07 
-1.747*07 

-f.*«C*07 

-••010*07 

r4.QiB*a«L.. 

-4.1li«C7 


(«i»aPT «•€*< •••. 

— uiutpp 

1. 407*00 l.|5«*0k 

.n402*O« _ |.?ll*ftC 
l.»Q7*Q0 t.474*P« 

, moZrM.. . I-?9>*CC 

1.407*00 t. 444*04 

1.40nOQ ^.95^* Ct 

1. •07*00 7.I57.O0 

1.407*00 7.474*PC 

z»4iQ*6$ 
1.407*00 7.t45*0C 

1,407*00 1.710*0(1 

..ij«fi2*aB. . . i*eot*ac 

1,407*00 l.OTt.Pf 

1.407«00 1.440*Ct 

). 402*00 4.004*0C 

I*4a2*iia 4.n4ii«ct 

3.407*0C 4.||7*0( 

— . •*ii»*ot 

1.407*00 4.77t*0l 

962*00 

1.407*00 4.174*P( 


4,4(H»*07 9.441-01 

4 .4Ai*n» ^..fcA T-ni 

4»TSO*n7 5.411-0I 


1,574-07 l.7*?-0l 

. I*J47--J2_- ■■Jl.21t.rCl- 
1.144-07 I. 174-03 

.^999-02 L*12^-61 - 

7.414-07 l.0««-ai 


7.455-04 7.145*01 -4.771*07 

i^uniU- -zimZiotoi. 

T.?34.r4 7.I«7*0I -4.119*07 

1^210*01 TtAlUiOZ. 

4.447-P4 T. 279*03 -•.145*07 


I. 741-01 
i-e^i-oi . 
1.477-01 


4.404*02 5.414-01 

4.47|*07 5. 407-PI 


?.’75-07 

7.747-07 


4.4fr« -04 
_X*SSC^_ 
4.701-04 


i,7ir-r6 7.757*0] -4. 415*07 

4.544-06 7.774*01 -4.950*02 
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LMSC-HREC TR Dtt67400-III 


SAMPLE PROBLEM 7 OUTPUT (ContM) 


fifla... tfii.-f Mtti »t A>ift iH mit fotilifcttfH 


. . UCA^O- «UilC^ 

iti line umt wrpu 


-* «» 


•■OMC*lT|M ChTBCV ^ 


! 

% - , 


•Oue 7.214 .«fS0 4«>0? II -7. 


.CUO 7.107 I. 
. .jlufl 7«iai-i. 


m« 1.0000 

.n«wtn 


.-07 U -«.T-0J ■ 


.»*or 

-^»n7 _ 


cnr.r MCi- 


Mfil fiUMfi— 


li*U_- 
SNC40 "CCMiNiCAL 

tif 7f? if MOMI 

»«9S4«C1 0.000 


DirrUSIONAL *0* K**** 0I040 OCOOO 

U£ALAUt~i*«U BtiriKim tm/tf.? fflo 


^VOOl 

, 

0.000 


rifAP T0141 


0.000 


0.000 


non f««l|S MfftT litNS fiOHlNO f4t«KCTC0S 

C0tl7. . COfff^ lliolO«> if OHftflUfiMI fOE- 

Cf/7 ST no. rtSOl OIS *‘h 40 TgrAl 

l.OiWi jt-nnn ft.oiui n.nnn 


CUriNTAt BASS TSAMSrea COimcUNlSt 

CO. tos . _ . - _ 


r(m(*ilu« DISaiACC. CFFCCTIVC CBTNALPV iCTMOtOS BASS TMCANCSS FvF 

inif nr <4-lMtfnnAct. nnO. Ullllffi 


tHMA 0C1STAI7 OlSPiiCt. IFNOOA FC* FOCI 

ffii FffT. _rrfj_ _ rnt LLLl. 

7.A%S-CS -t.lCl-0* 'i.l0?>0« T.AAS-OS i.Sir^OO 0.000 


lei.l NfAt tNOUST TOTAL ACCUC0«TI0|| |•I1SCT0 TQTM. 

AM HOFI fF7l CO/S LO/S 

0 ,nit nOS i.,nu-ci 




OISTAOCC 




Fret 

ii.noo 


n.fwn 


FPA SM7AA 6. TOtAl 

fPHHAkfl-, 

lOr/FZ 0/lP 
7 - 7 STtOn O.fUtfl «I.Al 0 .tfi 


STATIC 

rimuM 


o/m o/io 

t-onn.na 


b/LO PCO-V 


7.AOF-OI ?. Ail-07 
- A.IOI-OJ — I 
7.SST-C7 1.A77-OA 
■2-Tu^-OJ. . z^ta.-. 
A.«iS-02 A.Ai«-0A I 


.lUT-07 

»n4-n> 


l.iS0*07 ?.7AA*00 

2.-27CAOfl. 
T.77A-"2 ?.II«*00 

_ 2 .O 27 j 0 a 
7.091-01 I.IOI'OO 
■■nij.ni n.iiT.nt 


A. TAB. 01 -I.At^^r} 
,&.A2l«0l .-J«i07tC2 
A.'SITl -I.JS0T2 
.^.9fA«Qt -1.2S1.*0Z. 
S.’AT.Ol -I.r9l*fl2 


7.*AO«07 9.*«9«07 

. S.biQ»D4_A.a2A*IU. 
S.m«02 T.«T3*07 

. l.in*Q2 A.IDllOZ- 

S.A73*02 l.nsi«02 


-I. •13*02 1.009*03 

.=i«joii 02 s. 001^01 

-l.S«9«02 l.0IS*03 

.ti «m«02- «Q4. 

-1.IU*02 I.0a1*03 

-T.nnl.fll l.lQB»ni 


•.ISA-01 •.•TI-OS 

7..'AX-Oi I 

1.000*00 1.27I-0* I. 

-1 .201 t£A -1. 401-J 

2.SO0*00 I.I7S-0* 


121-01 

QI 1 A 3 Q 


l.?0S-'ll l.A3A-ni 

1 . 047:111 l.Slt-a 2 - 

9.^00-ni A.141-02 

2!.-J}2. 

i.aoo*Qj n.oo^ 


• .F10*Pti I.A7A*02 
2.LLIt90. l*SA7tr2 
l.««il*CJ •.«AS-'»2 

a.rii*i:c s.joi*c2 

O.fCO A.n2«.f*2 


1.033*02 *I.«IS*0I 
-2.121*02 -jLL.2tl»fl2 
|.*AI*n2 -I.7A«*02 
i U 2l*02_:fi .101 * 01_ 
B.Aoo I. •3**01 


1. s«i*oi i.2n*os 
U.AlS-*02_1.5Ja*D3 - 

2. MI«02 |.A9«*0I 

-J.l0i*J)2_JcU2*0L- 
•.1*1*C2 l.••••03 


I AflO Mli i 
FfCT 


10/F3 


iMCftEAl. 

LOOP. 


.roAtfiii 
nitnAI f 


tt001Fll.ft JlOLtCUtAK 


RICH.- 

miMfo 


/flnflCAniE PBAMDIL MO 


0. Qoa 

7.A3A-07 I.IIO-OI 
- 

1. •f7-0A I.ITS-Ol 

2*Sii-Cfc i.ui*ai. 


O/ll-O 

$.••1-01 


l.«0$-0$ 

l^*tA-QS 


$.• 02-01 

SM12-01 


I.ASA-OS 

UElAaltt 


NUMOFA 

_l*QCi.‘0l ^$.001 rCl _LaJZI*JU_ft*IU)0 

$*n0l-0l $. 001-PI t.)2i*0l |.l$|-02 

S.AOl'Ol S. 001-01 i.32l*01 •••|$-C2 

S.OOl-fli S.nQI-OI 1M2A*01 l.A^I-Ci 


0.000 Q. OOO 

0.000 f. 000-01 

Q.pOO 9.000-01 


0.000 

Lm. 


9.000-01 

»*QA0-01 


.A3I-0* 1.1««-0I 

•.*IF-0$ 9.209-02 

•l>^aA._l^.Utttfl2_ 

1.27A-C• T. 092-02 



$.001-01 $.001-01 l.329*0l 2.II3-OI 

$«rol-OI 1. 001-01 1.921*01 9.9AA-0I 0 

_iiWi LiQii^ e o_o. ogo 

$.001-01 $.001-01 1.121*01 1.011*00 0.000 

S.POL^l S.nOI-Ot_ 1.321*01 1.020*00 Q.OOA 



l.lfS’O* A. 331-02 2.2l«-0$ A.TQl-OI f.0A|-0$ $.001-01 S.OOI-Ol 1.32i*Ol 020*00 0.000 


F(Ftr CAiUO 


r'ruiii' urtic Gii«ti soiiii.ii $p»r.i*ir spu.i.ii s9n»i*$i $pfi*i»A» iFTrrnir 


SktQfKL 


n^ona 


:^.Aiii.fta i.aan.nn 


I.OSI-02 
.3 ^2.0Jlr02.- 
• $.931-02 

lu . ••522-01. - i 
A l.2S$-0l 


•99A-02 -|.9AI*02 0.000 

il.liilil? AiOOII- 

2.99I-01 -1.009*02 0.000 

. ln$0Argl rl«Ill*Ql A.OIO^ 

• Mf-Ol -9.901*01 0.000 


9.112- I l•9TO•01 9.231*01 0.000 

7 $*Qll-Cl .tn2Ai-jQl 2 .191*02 a.OOQ 

1*7 |.0u0*00 9.$00-0l «.$9$*(12 $.111-02 

U . 1. 317*00 ttNI'Ol 2A^Util2. 

I' 2.$00*r0 1.000*00 1.029*02 l.OOS'Ol 
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LMSC-HREC TR D867400-III 


SAMPLE PROBLEM 7 OUTPUT (Cont’d) 




)«> 2*SCV««>(i] l,T6'»T9«ni 7.5176l«0ft 1.77«B«'*QI fr.7?**)«bO 
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LMSC-HREC TR D867400-IU 


SAMPl.K PROBLEM 7 OUTPUT (Ooiit'd) 


»>ci>scmc fLftw uMwr tKt tOfuMtu )_^ m i ^ i it wumipu shocii coHPutm 




LMSC-HREC TR D86740U-11I 


SAMPLE 


PRObLEM 7 OUTPUT (Cont'd) 


r» i Hf i af fiiLl If LL-iMfltl. 


UtaClUUL fJUUtf A 


»a«> u 


. P»Ct _ 1C 


CAKLfir fgllCUHfri 


t 1 ^ni It t 

n^rat» - 

ar&tHr 

• 

■ 

r 

iMf la 

roUQBf - 

BtLOCn 1 

0/1 im 

1 «1 

1M»b« • 

cotinii 

ii«Cm av u 

-oT 

i>orssuBC 

*;«|Fs*oc 

f»t» sirr 
.*4’»S.0I 

•arBroifuor 

6«S COMSI. 
I U«M*U« 

lOCai CA«*Na 

5NOt« 

*iHss*o« 0 

1 1 

t na f 1 M 



-ti* ri'O* 



_,isoo2*in 

a£iaVv'_. c 

1 .'1 

II^Ul 

CO«ri«r 

*16FBS*D2 

.STOB**-OI 

Iu#'2-"Sr 

7-0* 


•sv5rt«o« 
~.|0S* J«OS 

.iU9t>«ai 

~.s’»jT2*b% 

.rssfi'u* 0 



rAHi tm 

.« F«*>**ri 

. taanti.nn 

ail’M5-0* 
•HlHiHi— 


.sss«a*os 


<» 




.I1I20»02 

*S#SF0*OO 

• ISF*S-0* 


.ST10$*Q« 

.1 J«2S*0I 



IS 1«*^» - CO«ri* '.V»I?*-ni ’ ‘ .l»?*S*OS 

_j82tlrfli - t}9t*3'jD . 
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9. CONCLUSIONS AND RECOMMENDATIONS 

A <*oapucer code has been developed which can be used co model the 
dominant phenomena wnich effect the prediction of liquid and solid rocket 
nozzle and orbital (as well as low alttude) plume flow fields. With a 
single computer run it is possible for the designer to predict a high 
altitude pliBK starting from the combustion chamber. This code is intended 
to be a user-oriented design tool that will allow rocket nozzle/pliue 
calculations that can range from tbe simplest preliminary design 
calculations to final design predictions. 

The emphasis in developing this tool was to require very little user 
interface and data manipulation which has previously been required to 
adequately treat such influences as nozzle boundary layer, two-phase and 
.ariable 0/F transonic startlines, boundary layer effects on particulates 
entering the boundary layer, and the transition from continuum to free 
molecular flow. Development o' the program to rhis stage also allows the 
RAM2F code to generate an exit plane startline for both single and two phase 
motors which will interface with the JANNAF Standardized Plume Flowfield 
(SPF) Code. 

The program is being used to generate nozzle and plume data for 
numerous applications such as: 

• Gas/Gas-Particle Impingement (Heat-Transfer-Loads) 

• Rocket Nozzle Performance (Thrust, 1^^) 

• IR Signatures (Radiating Species) 

• RF Attenuation (Electron Densities) 

• Plume Radiation (Radiative Heat Transfer Gas/Particles) 

• Vehicle Base Pressure 

• Base Heating (Convection-Recirculation), and 

• Flowfield Properties for Contamination Predictions. 
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Ttils three-voliuae report describes the program and is intended to 
provide the user the necessary information to use the code. It is 
anticipated that there may be some areas of the operation of the code that 
are not discussed in sufficient depth. Through feedback from the user the 
docuaieatation will be periodically updated to reflect the experience of the 
various users. Additionally, coding errors which are uncovered will also oe 
periodically dessiminated to users. 

The code has been checked out and compared with a wide range of data. 
Validation of the program in the low density area of the plume has been 
verified with limited amounts of data. High altitude (vacuum) plume data 
are still required to further verify the applicability and range of use of 
the RAMP2F code. As these data become available the code will be further 
verified or modified to improve its applicability. 
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Abstract 

A knowledge of the structure of high altitude rocket 
exhaust plumes is necessary to solve on-orbit plume 
Induced problems such as plume impingement heating, 
contamination, plume induced forces, and moments and base 
heating. Rocket exhaust flowfields are very complicated 
and are governed by many phenomena. Many simplifying 
assumptions are made to enable one to compute exhaust 
flows. However, many of these simplifying assumptions can 
compromise and invalidate the results, depending on the 
application for which the flowfleld is intended. The 
purpose of this paper is to describe a computer code which 
allows the user to eliminate many of the simplifying 
assumptions and treat most of the phenomena which govern 
nozzle/plume solutions. Additionally, this code requires 
little or no Interaction between the code and the user for 
the solution of a nozzle flowfleld from the combustion 
chamber to the exiiaust plume (Including the backflow 
region) . 


Introduction 

Rocket exhaust flowfields are very complicated and are 
governed by many phenomena. Many simplifying assumptions 
are made to enable one to compute exhaust flows. However, 
many of these simplifying assumptions can compromise and 
invalidate the results, depending on the application for 
which the flowfleld is Intended. Numerous codes are 
available that treat many of the governing phenomena, but 
no single code Is available that treats reacting slngle- 
and multl-pliase flows including boundary-layer effects as 
an integral part of the solution. Thus, previously it was 

Presented as Paper 83-1547 at the AlAA 18th Thermophysics 
Conference, Montreal, Canada, June 1-3, 1983. Copyright 0 

American Institute of Aeronautics and Astronautics, Inc., 1981, 
All rights reserved. 

A 

Staff Engineer, Computational Mechanics Section. 
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necessary to use a multitude of codes to treat a 
nozzle/plume flow In detail. It is therefore desirable 

from both computational and economic standpoints to have a 
single code that can treat all the dominant phenomena in a 
rocket nozzle/plume flowfield. Additionally, it is 
possible to perform calculations which may range from the 
most simple (as for preliminary design studies) to the 
most complex as required for final design. 

This paper will describe a nozzle plume flowfield code 
that has capabilities which do not presently exist in a 

single computer code. The RAMP code^»^ which was 

developed by Lockheed under government funding was cliosen 
a> the basic code from which to work. The basic RAMP 

employs modular construction and has the following 
capabilities: 1) Two-phase with two-phase transonic 

solution, 2) Two-phase, reacting gas (chemical 
equilibrium, reaction kinetics), supersonic inviscld 
nozzle/plume solution, and is 3) Operational for inviscid 
solutions at both high and low altitudes. 

During the course of the study the following 
capabilities have been added to the code:^ 1) Direct 
interface with JANNAF SPF .ode,^ 2) Shock capturing 
finite difference numerical operator, 3) Two-phase, 

equlllbrlum/f rozen, boundary-layer analysis, 4) Variable 
oxidlzer-to-f uel ratio transonic solution, 5) Improved 
two-phase transonic solution, 6) Two-phase real gas 
semiemplrical nozzle boundary layer expansion, 7) 
Continuum limit criteria, and, 8) Sudden freeze free 
molecular calculation beyond the continuum limit. 

Most of the above capabilities already exist in other 
computer codes. These codes were Incorporated into the 
RAMP code to enhance its usefulness. 

Future efforts to Improve the code will be directed 
toward the following: 1) Simplified input, 2) Mor.' 

rigorous treatment of the boundary-layer/Prandtl-Meyer fan 
interaction, 3) Interface with plume impingement models, 
4) Documentation, and 5) Verification of the applicability 
of the model in the backflow region. 

This paper presents the present status of the code and 
presents some results of plume calculations for 
bipropellant and solid propellant motors. 

RAMP Improvements 

JANNAF Standard Plume Flowfic..d (SPF) Code Interface 

To perform a plume calculation, the SPF code^ 
requires nozzle exit properties as initial conditions. 
Tlie RAMP code was modified to punch or put on tape exit 
plane data in the format that the SPF code uses. Tlie code 
will punch data for both single- and two-phase cases. 
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Sliock-CapLurlnp, Finite Difference Operator 


It is desirable to have the capability to treat sliocks 
that can occur in some nozzles. The original RAMP code 
has the logic for computing any number of right or 

left-running shocks using shock fitting techniques. This 
logic was partially verified under previous efforts. 
Shock capturing schemes require no special equations or 
program logic and are reliable. For most nozzle flows, 
existing shock capturing techniques are sufficiently 
powerful to treat the shocks. Additionally, in order to 
directly Interface with the SPF code, it would be 

desirable to use a shock capturing numerical operator. 


For the above reasons, a shock capturing algorithm was 
added to the code. The methodology, equations, and grid 
system which was Incorporated into the code is Identical 
to the SPF code.^ To obtain more information on the 
scheme the reader should consult Ref. 4. 

Equlllbriura/Frozen Boundary-Layer Analysis 


Nozzle boundary layers are known to influence certain 
regions of nozzle flow and high altitude exhaust 
plumes. For nozzle designers, the nozzle boundary 
layer is Important in determining the thermal loads to the 
nozzle, performance losses due to heat transfer and 
effects on the nozzle pressure distribution due to the 
displacement thickness effect on the inviscid flow 

structure. For spacecraft designers the nozzle boundary 
layer is Important because of its effect on the exhaust 
plume. At high altitudes the nozzle boundary layer causes 
the plume to expand to large angles (approximately 180 

deg). In these backflow regions, spacecraft and sensitive 
surfaces are subjected to unwanted contamination, forces, 
moments, and heating rates. For some applications tiie 

radiative properties of the expanded boundary-layer flow 
is Important. Thus, it is easy to see that for many 

applications the nozzle wall boundary layer is an 
Important factor. 

The BLIMPJ boundary-layer code® was chosen for the 
solution of the nozzle wall boundary layer. BLIMPJ is a 
JANNAF standard boundary-layer code for determining 
boundary-layer effects on the performance of a rocket 
engine. Tlie BLIMPJ code can treat nozzle flows for 

equilibrium or frozen cliemistry, uses the JANNAF standard 
thermochemistry curve fits and has numerous ways to handle 
the nozzle wall boundar- conditions that allow It to treat 
liquid engines as well as solid motors wltli and wltliout 
ablative walls. 



For most rocket motors the boundary layer is fairly 
thin (approximately 5-10% of exit diameter) and the 
resultant effect on Invlscid flow properties is minimal. 
For these cases one pass through the invlscid nozzle 
solution and boundary-layer calculation is adequate. The 
boundary-layer results are then superimposed on the 
invlscid nozzle solution and an exit plane start line with 
boundary-layer effects is generated which can be used to 
perform a plume expansion. 

Some low pressure or low thrust motors have boundary 
layers which contain a significant portion of the total 
mass flow of the system. In these cases the entire 

solution should be iterated by making two passes through 
the invlscid nozzle and boundary-layer calculations. 

After the initial nozzle and bounday-layer solution has 
been completed, the nozzle solutions will be calculated 
with the actual wall contour adjusted by the local 
displacement thickness which was determined from the 
boundary-layer calculation. The boundary-layer solution 

will then be rerun using the new edge conditions from the 
second nozzle calculation. The results will then be 

superimposed on the original nozzle contour and second 
flowfleld solution, and an exit startline will be output 
or saved. 

Particle Tracing Through Boundary Layer 


Any particulate matter (Al 203 -solids or unburned 
propellant droplets in liquid motors) which might enter 
the nozzle wall boundary layer could be influenced by the 
boundary layer to expand into the backflow region. Thus, 
there may be certain motor/nozzle configurations in which 
it is necessary to track particles through the boundary 
layer in order to obtain the most accurate representation 
of the nozzle flow properties at the exit plane. 

Lockheed-Huntsville added a particle streamline 
tracing module into the nozzle code. The code which was 
used as the basic building block of this module was used 
in predicting the lUS, SSUS particle distributions 
published in Ref. 9. This code uses initial particle 
properties (velocity flow angle temperature and density) 
and traces the particles through a known flowfleld. This 
option is user-selectable. 

Boundary Layer Expansion at Lip 

Once a fully supersonic startline has been generated 
at the exit plane, the flow can be expanded around the lip 
using a Prandtl-Meyer expansicn. Tlie main problem with 
generating the stariline is the treatment of the subsonic 
portions of the boundary layer and the boundary-layer lip 
interaction. 
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Ttie present version of the cole uses tlie replacenu'nt 
layer treatment of the subsoni' 'rtlon of the boundary 
layer. This method conserves t . mass of the subsonic 
flow using mass averaged properties at a slightly 
supersonic value, which results in a layer of constant 
properties near the wall. As experience is gained using 
Che code, further effort will be spent on the treatment of 
the lip region so that more accurate predictions may be 
made In the lip dorainatpd backflow region of the plume. 


Variable Oxidizer-to-Fuel Ratio Transonic Solution 


Solution of the subsonic transonic region of a 
liquid^® rocket engine can vary in complexity from a 
simple one-dimensional variable 0/F streamtube analysis to 
the most detailed model such as that of the distributed 
energy release (DER) model. Tlie streamtube analysis 
performs a raultizone, one-dimensional calculation to tlie 
sonic point given a known 0/F distribution just downstream 
of the injection face. The DER program is a complex model 
which Is Initiated upstream of the Injector face and 
continues the solution up through the sonic line. The DER 
code was used to initiate nozzle solutions in Ref. 12 but 
is not particularly easy to use or input and requires a 
good bit of experience of the user to successfully 
execute. For these reasons it will not be utilized in the 
nozzle code. On the other hand, a one-dimensional 
streamtube analysis does not account for two-dimensional 
effects. A time-dependent scheme-^ is a compromise 
between these two schemes. The approach includes the 
radial momentum equation which results in a set of mixed 
partial differential equations. The solution procedure is 
an unsteady time-dependent finite-difference technique 
with equilibrium chemistry. This technique has both the 
equilibrium and variable 0/F chemistry option and has been 
utillzed^^ previously with excellent results. This 
code has been incorporated into the RAMP code as a module 
and has been executed for all combinations of ideal and 
equilibrium chemistry, constant, and variable 0/F 
distributions. 

Improved Two-Phase Transonic Solution 


The original transonic module which vas ir •’porated 
into the RAMP code could liandle throat radii of curvature 
to throat radius ratios above 1.5. Many solid motors have 
radii of curvature ratios smaller than 1. lo alleviate 
tills limitation the improved approximate transonic module 
was taken from the new standard performance prediction 
program (SPP)^^ and put into tlie RAMP cede. 



Continuuni Limit Criteria 


There have been numerous studies over the past several 
years concerning methods of determining where continui'm 
flow breaks down and free molecular flow begins. Examples 
of these criteria are the Knudsen number criteria, 
criteria based on Mach and Reynolds number, and the 
breakdown parameter as proposed by C. A. Bird.^^ 


The present version cf the code uses a Knudsen number 
criteria of 10 to check for free molecular flow 
transition. The code does keep track of the continuum 
breakdown criteria and locates the surface In the plume 
where the breakdown criteria » of 0.05 Is located. In the 
future Che appropriate data at this surface will be stored 
so that this information may be passed along to a full 
Monte Carlo solution. 

Free Molecular Flow Option 


A sudden freeze free molecular flow option lias been 
incorporated into the code. Once the Knudsen number 
criteria of 10 has been exceeded the flow Is frozen. 
(Specific heat ratio, molecular weight, velocity and 
temperature along a gas streamline is held constant.) At 
this point the streamline is assumed to expand at a 
constant flow angle and the density varies -’.ccording to 
the streamtube area. This option allows the calculations 
to be performed in the backflow region ( > 90 deg) of the 
plume. Numerous cases have been run for several hundred 
nozzle exit diameters. 

Future Improvements 
Input Simplification 


Much of the input that is required by tlie RAMP code 
requires that the user have access to such things as 
particle size correlations, thermochemical curve fits, 
particle thermodynamics, reaction rate packages, and a 
step size control. Defaults for tills information will be 
built into the code or stc ed on external files much as is 
done in the SPP code. The user will have the option to 
override these data. Additionally, the NASA-Lewis CEC 
program^® will be put into the RAMP code as a module to 
t'cllitate generating the thermodynamic data necessary to 
perform a plume restart from an exit plane startline that 
Includes a nozzle wall boundary layer. It is anticipated 
that Input sli^pllflcatlons will make the RAl- code much 
easier and more reliable to use. 
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Boundary-Layer-Lip Interaction Model 


Near the nozzle lip, the subsonic and a part of the 

are Influenced 
For highly 

underexpanded flows, the sonic line has been found to 
attach to the lip*° so that the flow at the wall must 

rapidly accelerate when it gets near the lip and the 

static pressure rapidly decreases. For overexpanded flows 
the subsonic flow merely stays subsonic as It negotiates 
the lip so that downstream flow conditions can feed back 
up into the boundary layer. 

These are exact solutions to the corner flow problem. 
Bird^^ uses a direct simulation Monte Carlo method. He 
set his model op to compute the entire nozzle starting at 
the region near the throat. He predicts the attachment of 
the sonic line for underexpanded nczzles. Baum^^ uses a 
finite-difference method dong wltli be indary-layer 
equations to describe the subsonic portion of the boundary 

layer. His application was for base flow about blunt 

bodies and compares well with data. Finally, the GIM 

code^^ can be used to exactly solve the corner problem. 

All three of these methods are very complex and are 

outside the scope of this effort. 

A more practical approach to adequately handling the 
lip problem is to develop a model of this region using 
integral relations, matched asymptotic or other 
semlemplrical techniques. One ot these methods will be 
selected and will be included in the nozzle/plume code. 
There are existing published calculations of the lip 

region using Monte Carlo techniques. These results will 
be used to verify the model. Additional comparisons will 
be made using experimental data which exist for the lip 
dominated portion of the exhaust plume. The resultant 
model will provide a reliable, accurate representation of 
the boundary-layer-lip interaction zone. 

Plume Contamination Model Surface Chemical Species 
Determination 


supersonic portions of the boundary layer 
by the expansion process. 


Specification of the amount and type of plume exhaust 
products at a surface Immersed in a ro.ket plume is 
Important for determination of spacecraft surface 
degradation. After an adequate representation of the 
cliaracterlstlcs of the exhaust plume has been performed it 
Is necessary to relate the spatial cliaracterlstlcs of the 
plume to a surface that Is Immersed in the plume. 

Under previous studies, Lockheed-Huntsville developed 
the Lockheed plume Impingement codc.^^ Tills program will 
provide forces, moments, and heating rates to bodies 
Immersed In the exhaust plume generated by the Locklieed 
method-of-charac terlst ics program. 



The plume Impingement program (PLIMP) will be modified 
60 that It can use the results of the RAMP2 code to 
predict forces, moments, and heating rates due to pluae 
Imolneement. Additionally, the PLIMP code will be 

modified to determine the types and amounts of plume 
species at any given location of a body Immersed In the 
exhaust plume. Since the RAMP2 code has the capability of 
predicting free molecular flow properties, the PLIMP code 
will be modified so that free molecular flow data can be 
used to predict plume Impingement surface characteristics 
(forces, moments, heating rates, and species 
distributions) . 


Present Program Capabilities 

The present form of the RAMP code allows the user to 
perform a detailed nozzle and plume solution starting in 
the combustion chamber of the nozzle and proceeding 
several hundred nozzle diameters Into the plume. The 

program will perform a first-order characterization of the 
backflow region of the plume. Any appropriate combination 
of the following capabilities may be used to perform the 
nozzle and plume solution: 

(1) Single- or two-phase nozzles and plumes can be 
treated . 

(2) The gas may be ideal or real. If the gas is 

real; frozen, equilibrium, or non-equilibrium chemistry 
assumptions can be made. The efficts of oxidizer/fuel 
gradients may be considered. 

(3) 'fwo-dlmenslonal or axlsymmetric flow problem 
geometries can be used. 

(4'' Both upper and lower boundaries can be solid or 
free. 

(5) Reacting gas solutions which are In chciulcal 
equilibrium have been facilitated by modifying the 
TRAN7218 

computer program as described in Sec. 2 of Ref. 
2 to provide binary tape and punched output of Its 
equilibrium or frozen real gas calculations at any desired 
0/F ratlo(s) or total enthalpy(s). 

(6) Hypersonic or quiescent approach flow options may 
be used . 

(7) Exit to ambient pressure ratios from over expanded 
to highly under expanded are possible. 

(8) A real gas nozzle boundary layer solution can be 
performed with no Interface between the user and the RAHP 
code results. A frozen, equlilbrlum chemistry, turbulent 
or laminar solution is possible. 

(9) The effect of a nozzle wall boundary layer on 
particles which enter tlie boundary layer la treated. 
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(10) An exit plane start line can be generated for the 
SPF code which Includes two-phase flow and boundary-layer 
effects. Additionally exit plane data are available for 
use In other codes. 

(11) Fuel striatlons (variable 0/F) can be treated 
starting at the entrance to the nozzle throat region. 

(12) Tlie code will handle the two-phase transonic 
region for nozzles with throat radius of curvature to 
throat radius ratios of 0.3. 

(13) Free molecular flow region is created using a 
source flow approx Imaticn. 

(lA) Once the gas-particle flowfield solution has been 
obtained, the output tape may be used by the RAMP radial 
lockup program (described in Appendix A of Ref. 2) which 
determines the radial variations of flowfield properties 
across the nozzle and plume flowfields at constant axial 
stations. The plume impingement program (PLIMP) may 
also be run to determine the effects of the rocket exhaust 
plume on objects immersed in the plume. 

Backflow Model Applicability 


The emphasis on the program development has been to 
provide an engineering tool that allo-.’s the designer to 
perform a detailed nozzle solution for most conceivable 
combustion chamber/nozzle/propellant combinations followed 
by a plume solution including the backflow region. The 
backflow region Is calculated using as starting conditions 
the nozzle/boundary-layer solution at the exit plane and 
proceeding to perform the plume solution using either a 
continuum or continuum/sudden freeze free molecular 
approximation. 

OS ? A 

Previous studies" have shown that the continuum 

approximation (to within a few degrees of the limiting 
expansion angle) does fairly well for predicting mass flux 
distributions but Mach number and temperature 
distributions in the high Mach number (backflow) regions 
are not well characterized. For applications where 

contaminant mass fluxes are of interest the continuum 
approach is probably adequate. The "sudden freeze" source 
flow plume model that Is presently in the program Is a 
first order approximation of a collisionless plume. 
Temperature and Marh number predictions are more 
appropriate than continuum predictions for the backflow 
regions beyond the freeze line if the freeze line Is 
adequately predicted. In order to establish how best to 
use the continuum or sudden freeze models whici) are 
presently In the code comparisons of program predictions 
with experimental data (other than QCM measurements) and 
fllglit data are necessary. 



Exanplee of results of a continuum and 

contlnuua/sudden freeze free molecular calculation are 
shown in Figs. 1 and 2. Both plume solutions were 
Initiated from an exit plane startline of a detailed 
solution of the Space Shuttle Vernier RCS nozzle. 

Figure 1 presents contour plots of static pressure for 
the continuum assumption, while Fig. 2 presents static 
pressure plots for the continuum/sudden freeze assumption 
for the Vernier motor plume. A comparison of the two 
figures shows that pressure in tlie continuum region of 

both calculations are the same while pressure in the free 
molecular region is higher than that predicted by 
continuum theory. 


Results 


To date a multitude of problems has been solved using 
the RAMP cod*'. However, three particular exhaust plumes 
have been selected to demonstrate the applicability of the 
new version of the code. These cases are: a 5-lbf 

bipropellant motor, the Space Shuttle reaction control 
system (RCS) motor and an early candidate first stage 
interim upper stage (lUS) solid motor. 

The 5-lbf bipropellan(^ motor was used in a plume 
contamination test program"^ performed at AEDC. Parc of 
the experimental data consisted of a survey of plume mass 
flux as a function of angle off the nozzle centerline. A 
comparison was made with the experixenCal data using 
results of a RAMP solution. Figure 3 presents the 
analytic and experimental results of normalized mass flux 
as a function of angle measured from the nozzle 

centerline. The analytic results compare very well with 
the measurements out to 130 deg. The flowfield solution 
was initiated at the nozzle throat assuming equilibrium 
chemistry at a constant oxldizer-to-f uel ratio. The 
thermochemistry was frozen chemically at a local/chamber 
pressure ratio of 0.2. Once the nozzle flowfield was 
completed, the boundary-layer module was executed and 
predicted laminar boundary-layer conditions at the exit 
plume. The boundary-layer results were merged with the 
inviscld exit plane conditions and the plume solution was 
performed. The plume sclutlon considered variations in 
total enthalpy due to boundary layer effects. A Knudsen 
number of 10 was used to determine where the plume went 
free molecular. 

An accurate description of the Space Shuttle RCS motor 
is important due to the effect of the RCS exhaust on the 
large number of various payloads which will be placed in 
orbit by the Space Shuttle. The RCS motor is a 
bipropellant motor producing 870 Ibf of thrust with a 20:1 
area ratio contoured nozzle. Tlie injector pattern of the 
combustion chamber was designed to produce an overall 
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oxidlzer-to-fuel ratio of 1.6, while providing film 
cooling of the combustion chamber walls. The injector 
pattern results in a distribution of 0/F ratio across the 
inlet of the nozzle. Previous studles^^ have shown that 
0/F distributions can have a significant effect on the 
above characteristics. The RCS 0/F distribution was 

Inferred from the injector flow pattern and applied at the 
inlet to the throat region. The transonic module was 

utilized to give a supersonic start line downstream of the 
throat. Equilibrium chemistry was used in the solution 
with chemical freeze points specified as a function of 0/F 
ratio and local static pressure. The pressure to freeze 
the flow was determined from previous studies^^ which 
utilized finite rate chemistry results. The remainder of 
the solution was performed identically to the 5-lbf 

bipropellant motor except that a turbulent boundary layer 
was predicted and the plume was calculated via an ideal 
gas approximation (Including total enthalpy variations) 
since the code presently cannot handle both variations in 
0/F ratio and total enthalpy. 

Figure k presents density contour plots of the RCS 

exhaust plume plots of the RCS exhaust plume assuming the 
continuum flow approximation throughout the plume. 
Reference 28 presents a detailed definition of the RCS 

plume. Figure 5 shows a comparison oi plume pitot 
pressure survey data with the results of the RCS plume 

calculations assuming both constant and variable 0/F 
distributions. The constant 0/F assumption results in an 
overprediction of the pitot pressure wuile the variable 
0/F results compare very well with the data. Hie effects 
of variable 0/F ratio will be even more pronounced in the 
backflow region of the plume ( '' 90 deg) where the 0/F 

ratio is considerably lower than the mean value of the 
motor. 

The interim upper stage (lUS) is used to boost 
payloads from near Earth orbit to higher orbits. This 

stage uses solid rocket motors as propulsion. From a 
payload and stage design standpoint, it is necessary to 
define the exhaust plume. The RAMP code is especially 

suited to calculating the lUS exhaust plume Including all 
the driving phenomena: equilibrium/frozen thermochemistry 

with total enthalpy variations, two-phase flow, nozzle 
wall boundary layer, and free molecular flow. Figure 6 
presents contour plots for Mach number in the exhaust 
plume. Also Knudsen number of 10 included in this figure 
is the continuum breakdown surface corresponding to the 
Bird breakdown criteria of 0.05 and the boundary beyond 
which free molecular flow is treated. A more complete 
definition of the first-stage IDS plume will be published 
soon. 
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Conclueions 


A computer code has been described which can be used 
to model the dominant phenomena which affect the 
prediction of a rocket nozzle and orbital plume 
flowfield. With a single computer run it is possible for 
the designer to predict a high altitude plume starting 
back in the combustion chamber. Further work is planned 
to verify the results of plume calculations to orbital and 
high altitude applications. The final version of the code 
will be a user-oriented design tool that will allow rocket 
nozzle/plurae calculations that can range from the most 
simple preliminary design calcuations to final design 
predictions. 
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Fig. 1 Space Shuttle vernier motor continuum plume static- 

pressure contours. 
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Fig. 2 Space Sliuttle vernier motor free molecular plume static 
pressure contours. 
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Fig. 3 Mass flux normalized by centerline mass flux versus angle 
from plume centerline for 5 Ibf bipropellant OiOtor. 
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Fig. 4 Space Slicttle RCS motor exhaust plume density contours. 
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Radial Distance from Plume Centerline (in.) 


Fig. 5 Comparison of RAMP calculation for Space Shuttle RCS motor 
plume with pitot pressure survey taken at 45 in. from nozzle exit 
plane. 
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Fig. 6 Large Boeing motor exnaust plume Mach number contours. 
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